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FOREWORD 
The  work  described  herein was done  by  the  Westinghouse  Electric 
Corporation  under  NASA  contract NAS 3-6465. Mr. R. A. Lindberg of 
the Space  Power  Systems  Division f the  Lewis  Research  Center  was 
the Project  Manager  for  the  program.  The  report  was  originally  is- 
sued  as  Westinghouse  report  WAED 67.343 
The  Westinghouse  Electric  Corporation  Aerospace  Electrical 
Division (WAED) performed  the  work  reported in section IV and was 
responsible  for  the  overall  technical  direction  of  the  program. 
The  Westinghouse  Research  and  Development  Center (WR&D) performed 
the work  reported in sections 11, I11 and V. Mr. P. E. Kueser, 
Manager,  Materials  Development,  (WAEDJ  was  the  Program  Manager. 
In a  program of this  magnitude,  a  large  group  of  engineers 
and  scientists is involved.  The  principal  investigators  and  the 
sections of the report  in  which  their  work  is  reported  are as 
follows: 
Section I1 - Optimized  Precipitation  Hardened  Magnetic  Alloys 
for Application in the 1000° to 1200' F Range: 
Dr. K. Detert (WD); J. W. Toth  (WAED). 
Section I11 - Investigation f o r  Raising  the  Alpha to Gamma 
Transformation  Temperature in Iron-Cobalt 
Alloys: Dr. K. Detert (WD); J. W. Toth (WAED). 
Section IV - Dispersion-StrengthenedoMagnetic Materials  for 
Application in the 1200 to 1600' F Range: 
D r .  R. J. Towner  (WAED) . 
Section V - Vacuum  Creep  Test  of  Nivco  Alloy: M. Spewock 
(wR&D); D. H. Lane (WAED). 
Other  contributors  and  consultants  who  actively  participated 
in this  pro'ect  are  the  following:  from  WAED, Dr. A.  C. Beiler 
(consultantj, Dr.  D. M. Pavlovic, H. W. Banks,  and R. P.  Shumate; 
from WR&D, Dr. G. W. Wiener  (consultant), Dr. D. M. Moon, 
Dr. R. Stickler, B. M. Ballough, R. B. Hewlett,  and 
E. H. Van  Antwerp. 
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SECTION I 
INTRODUCTION  AND SUMMARY 
T h i s  t o p i c a l  r e p o r t  p r e s e n t s  t h e  r e s u l t s  o f  work accomplished on 
one  po r t ion  of the program conducted under  NASA c o n t r a c t  NAS3- 
6465 concerned with the Development  and Evaluat ion of Magnetic 
and Electrica: Materials Capable of Opera t ing  i n  t h e  800° t o  
1600OF Temperature  Range. The c o n t r a c t   c o m p r i s e s   t h r e e   p a r t s  as 
fol lows:  
Program I - Magnetic Materials f o r  High Temperature 
Operat ion.  
Program I1 - High Tempera tu re  Capac i to r  Feas ib i l i t y .  
Program III- Bore Seal Development  and  Combined Material 
I n v e s t i g a t i o n  Under a Space Simulated Environ- 
ment .  
T h i s  r e p o r t  i s  one  o f  t h ree  r epor t s  p repa red  unde r  con t r ac t  NAS3- 
6465.  The o t h e r s  are High  Temperature  Capacitor  Topical  Report  
(WAED 67.243)  and  Bore Seal and  High  Temperature Electrical  Mate- 
r i a l s  and  Components  Endurance T e s t  Topical  Report  (WAED 6 7 . 4 6 3 ) .  
Program I ,  t h e  subject o f  t h i s  t o p i c a l  r e p o r t ,  is d i r e c t e d  t o -  
ward t h e  improvement and fu r the r  unde r s t and ing  o f  magne t i c  mate- 
r ia ls  s u i t a b l e  f o r  a p p l i c a t i o n  i n  t h e  r o t o r  o f  a g e n e r a t o r  o r  
motor in  advanced space e lec t r ic  power systems. 
T h i s  t o p i c a l  r e p o r t  is d i v i d e d  i n t o  f o u r  t e c h n i c a l  d i s c u s s i o n  
s e c t i o n s  r e p r e s e n t i n g  f o u r  a r e a s  o f  i n v e s t i g a t i o n .  
Sec t ion  I1 - P r e c i p i t a t i o n  Hardened  Magnetic Materials 
f o r  A p p l i c a t i o n  i n  t h e  1 0 0 0 °  t o  l20O0F Range. 
Sec t ion  I11 - I n v e s t i g a t i o n  f o r  R a i s i n g  t h e  A l p h a  t o  Gamma 
Transformation Temperature  in  Cobal t - I ron 
Alloys.  
S e c t i o n  I V  - Dispersion  Strengthened  Magnet ic  Materials 
for  A p p l i c a t i o n  i n  t h e  1200O t o  1600OF Range. 
S e c t i o n  V - Creep  Test ing  of   Nivco  Alloy.  
Each s e c t i o n  i n c l u d e s  a discussion of  equipment  and experimental  
p r o c e d u r e s  u t i l i z e d  d u r i n g  t h a t  p a r t i c u l a r  i n v e s t i g a t i o n ,  a pre-  
References are listed i n  Sec t ion  V I  of this r epor t  and  are numbered 
c h r o n o l o g i c a l l y  for each  t echn ica l  d i scuss ion  sec t ion  (p rogram t a sk ) .  
The appendix contains  procurement  information f o r  t h e  Nivco alloy 
u s e d  i n  t h e  work d e s c r i b e d  i n  s e c t i o n  V. 
The i n v e s t i g a t i o n  r e p o r t e d  i n  s e c t i o n  I1 i s  concerned with pre-  
c ip i t a t ion  ha rdened  magne t i c  materials i n   t h e  1000° t o  1200°F 
range. Two areas of  specific i n t e r e s t  are a l l o y s  from the i r o n  
and  cobal t  corners  of the  te rnary  i ron-cobal t -n icke l -sys tem.  
The o b j e c t i v e  a f  t h i s  i n v e s t i g a t i o n  i s  t o  f i n d  a n d  e v a l u a t e  a n  
a l loy  compos i t ion  tha t  d i sp l ays  h igh -c reep  s t r eng th  a t  e l e v a t e d  
temperature  as w e l l  as u s e f u l   f e r r o m a g n e t i c   p r o p e r t i e s .  The 
target t e n s i l e  s t r e n g t h  f o r  t h e  a l l o y  a t  llOOOF is 125,000 p s i  
o r  h i g h e r .  The t a r g e t  stress t o  produce 0 .4  p e r c e n t  c r e e p  s t r a i n  
i n  1 0 0 0  hours  a t  llOOOF is 76,000 p s i  or greater. The t a r g e t  
m a g n e t i c  s a t u r a t i o n  for the  deve lopmen ta l  a l loy  i s  13,000 gauss 
o r  b e t t e r  a t  1100OF. 
Sec t ion  111 p r e s e n t s  t h e  r e s u l t s  of a l i m i t e d  i n v e s t i g a t i o n  f o r  
d e t e r m i n i n g  t h e  f e a s i b i l i t y  of r a i s i n g  t h e  a l p h a  t o  gamma t r a n s -  
fo rma t ion  t empera tu res  in  the  i ron -coba l t  sys t em:  the reby  in -  
c r e a s i n g  t h e  u s e f u l  m a g n e t i c  a p p l i c a t i o n s  t e m p e r a t u r e  of t h e  
s y s  t e m .  . .  
Sec t ion  IV r e p o r t s  on  an  inves t iga t ion  to  de t e rmine  the  feasi- 
b i l i t y  of  apply ing  the  d ispers ion-s t rengthening  mechanism to  mag- 
n e t i c  materials and  then  to  achieve  usefu l  mechanica l  and  mag- 
n e t i c  p r o p e r t i e s  i n  t h e  1200O t o  1600OF range.   Because  these 
p r o p e r t i e s  a r e  i n f l u e n c e d  d i f f e r e n t l y  by d i s p e r s o i d  p a r t i c l e  s i z e  
and spacing, a compromise is sought which w i l l  accommodate t h e  
requirements  of high-temperature dynamic e lectr ic  machines. 
The o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  is t o  d e v e l o p  a d i s p e r s i o n -  
s t r eng thened  magne t i ca l ly  so f t  ma te r i a l  fo r  u se  in  the  1200O t o  
160OOF t e m p e r a t u r e   r a n g e   f o r   r o t o r   a p p l i c a t i o n s .  A s  a g o a l ,  t h e  
material should  have  the  fo l lowing  proper t ies  a t  a tempera ture  
i n  t h e  r a n g e  of 1200O t o  1600OF p r e f e r a b l y  a t  the upper  end of  
the range:  
Magnet ic  Sa tura t ion  - 12,000 gauss, minimum 
Coercive Force - 25 o e r s t e d s ,  maximum 
C r e e p  S t r a i n  i n  10,000 
hours a t  10,000 p s i  - 0 .4  p e r c e n t ,  maximum 
Sec t ion  V p r e s e n t s  t h e  r e s u l t s  o f  a creep program on Nivco alloy 
which generated 10,000-hour  data  in  a vacuum environment (less 
than  1 ~ 1 0 - ~  t o r r ) .  Nivco a l loy   (72%  cobal t ,   23%  n icke l ,   and  
c e r t a i n  o t h e r  e l e m e n t s )  is a p r e s e n t l y  a v a i l a b l e  material having 
t h e  h i g h e s t  u s e f u l  app l i ca t ion  t empera tu re  for s t r e s s e d  m a g n e t i c  
a p p l i c a t i o n s .  
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The  high-strength  magnetic  materials  discussed in this  report 
a r e  suitable  for  operation  in  the 800° to 1600OF range. In de- 
te:;,;iiliny the  applicability  of  the new alloys  identified,  a  com- 
parison  between  existing  alloys  is of interest.  Figure 1-1 com- 
p m x s  the  10,009-hour  creep  properties of three  experimental 
alloys  from  Larson-Miller  extrapolations  with  two  commercially 
available  alloys  which  are H-11 (5Cr-1Mo-1V-Fe)  and  Nivco  alloy 
(Co-23Ni-1.7Ti-0.4Al-0.2Zr). For the  same  stress,  the  experi- 
mental  precipitation  hardened (PHI  martensitic  alloy 1-A-S-2 
(Fe-12Ni-30Co-lW-3Ta-O.4Al-O.4Ti) has  higher  temperature  capa- 
bilities  than  the H - 1 1  and  is  a  logical  replacement.  The  same 
is  true of the  precipitation  hardened  cobalt-base  alloy 1-B-S-1 
(Co-5Fe-15Ni-1.25A1-5.OTa-O.2Zr) which  has  greatly  improved  creep 
resistance  over  that  exhibited by Nivco  alloy. 
The  dispersion  strengthened (DS) alloys  of  either  cobalt-iron or 
cobalt  are  shown  as  an  area  on  the  curve,  and  their  preliminary 
data  suggests  that  they  are  candidates  above 1200’F where  pre- 
cipitation  hardened  cobalt-base  rotor  material  becomes  marginal 
in  long-term  stability. 
A comparison  of  the  magnetic  induction  of  the  various  magnetic 
materials  is  shown  in  figure  1-2. It  shows  that  a  magnetic  in- 
duction  improvement  is  available in both of the  new  precipita- 
tion  hardened  alloys 1-A-S-2 and 1-B-S-1 over  that  found  in 
H-11 and  Nivco  alloy. It also  indicates  the  magnetic  induction 
possible  in  alloys  strengthened  by  dispersion-strengthened  mech- 
anisms.  These  alloys  exhibit  very  good  magnetic  properties  be- 
cause  the  non-magnetic  strengthening  phase  is  minimized.  They 
are  limited  to  higher  temperature (>120O0F) because  their  rate 
Of  increasing  strength  with  decreasing  temperature  is  lower  than 
the  precipitation  hardened  alloys  which  are  stronger  at  the  lower 
temperatures. 
In  applying  these  materials  to  a  wide  variety of  high-tempera- 
ture  designs,  a  number of tradeoffs  are  followed  which  necessi- 
tate  quite  complicated  geometric  programing  using  a  computer. 
This  was  beyond  the  scope of this  program,  but  an  attempt  has 
been  made to  identify  application  temperatures  for  various  mate- 
rials  based  upon  a  general  observation  in  the  design of high- 
temperature  inductor  alternators  where  creep  resistance  and  mag- 
netic  induction,  in  that  order,  set  the  weight of a  generator. 
Electric  motors or lower-stressed  magnetic  applications  may  alter 
this  observation.  Table 1-1 presents  the  suggested  magnetic 
material  for  various  temperatures and includes  the  present  com- 
mercial  material  suitable  for  this  range.  The  advantage of the 
newer,  replacement  alloy  is  summarized  in  a  remarks  column. 
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High Temperature Magnetic Alloy Developed 
on t h i s  Program  Compared t o  E x i s t i n g  A l l o y s  
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TABLE 1-1. Application  Temperatures  for  Potential  High 
Temperature  Rotor  Magnetic  Materials 
E x i s t i n g  
Commercial 
Material 
~~ 
H - 1 1  
(Fe-5Cr-lMo-lV) 
Nivco Alloy 
(Co-23Ni-1.7Ti- 
0 . 4 A i - 0 . 2 Z r )  
None 
None 
Al loys  
Evalua ted  
1-A-S-2 
(Fe-12Ni-30Co- 
1W-3Ta-O.4Al- 
0 . 4 ~ i )  
1-B-S-1 
(Co-5Fe-lSNi- 
1.25A1-5Ta- 
0 . 2 Z r )  
D S  27C0-9.3 
Th02-Fe 
D S  8.4Th02-Co 
Remarks 
Improved Electrical  
Over load  Capabi l i ty ,  
Higher Creep Resist- 
ance,  Better S t a b i l i t y  
. 
Greatly  Improved 
Creep  Res is tance ,  
Better S t a b i l i t y  
Provides  a  High- 
Tempera ture ,  S t a b l e  
Mater ia l  Not  Now 
Avai lab le  
Provides  a  High- 
Tempera ture ,   S tab le  
M a t e r i a l  Not Now 
Ava i l ab le  
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SECTION I I 
OPTIMIZED  PRECIPITATION  HARDENED  MAGNETIC  ALLOYS 
FOR  APPLICATION IN THE 1000° TO 120OOF RANGE 
By K. Detert 
A. INTRODUCTION 
The o b j e c t i v e  of t h i s  e f for t  was t o  f i n d  and  eva lua te  an  a l loy  
composi t ion  which  d isp lays  h igh-creep  s t rength  as w e l l  as u s e f u l  
f e r romagne t i c  p rope r t i e s  i n  the  t empera tu re  r ange  of 1000° t o  
1200OF. The t a r g e t  t e n s i l e  s t r e n g t h  for t h e  a l l o y  a t  l l O O O F  i s  
125,000 p s i  o r  better. The t a r g e t  stress t o  produce 0.4 p e r c e n t  
c r e e p  s t r a i n  i n  1000 hours a t  llOOOF is  76,000 p s i  or greater. 
The 10,000-hour stress t a r g e t  f o r  0 .4  p e r c e n t  t o t a l  c r e e p  s t r a i n  
a t  l l O O O F  i s  80 t o  90 p e r c e n t  o f  t h a t  a t  1000 hours .  The target 
magne t i c  s a tu ra t ion  fo r  t he  deve lopmen ta l  a l loy  is  1 3 , 0 0 0  gauss  
o r  b e t t e r  a t  llOOOF and a c o e r c i v e  f o r c e  less than  2 5  o e r s t e d s .  
Al loys  i n  t h e  i r o n  and c o b a l t  c o r n e r s  o f  t h e  Fe-Co-Ni system were 
i n v e s t i g a t e d  on t h i s  program.  Ternary  a l loy  composi t ions  in  
these areas shou ld   have   t he   bes t   magne t i c   p rope r t i e s .   Ce r t a in  
elements w e r e  added t o  t h e  i r o n  and c o b a l t  b a s e  a l l o y s  t o  p r o -  
duce   p rec ip i ta t ion   hardening   in   each   sys tem.  Details o f  m e l t i n g  
p r a c t i c e s  and tes t  methods used during t h i s  program are desc r ibed  
i n  i a te r  s e c t i o n s .  
A screening program of a va r i e ty  o f  a l loy  compos i t ions  w a s  con- 
d u c t e d  a s  t h e  i irst  s t e p  i n  a t t a i n i n g  t h i s  goa l .  The purpose  of  
the  screening  program was t o  f i n d  a c e r t a i n  r e g i o n  o f  a l l o y  c o m -  
p o s i t i o n  where an optimum combination of high strength and mag- 
n e t i c  s a t u r a t i o n ,  low c o e r c i v i t y ,  and s t a b i l i t y  of s t r u c t u r e  d u r -  
i ng   exposure   a t   t empera tu re   cou ld  be a t ta ined .   Hardness  tests,  
coerc iv i ty  measurements  and  sa tura t ion  measurements ,  a f te r  a 
s u i t a b l e  heat t rea tment ,  and  d i la tometer  tests were made t o  p r o -  
v ide  t h e  data f o r  t h e  p r o p e r t i e s  a n d  t h e r m a l  s t a b i l i t y  of t h e  
s t r u c t u r e .  
As a second  phase  in  the  sc reen ing  p rogram,  s ix  a l loys  o f  t he  
f e r r i t i c  type and s i x  o f  t h e  c o b d t - b a s e  t y p e  were p r e p a r e d  i n  
a larger b u t t o n  s i z e  of -300  grams.  These  alloys were melted 
and t e s t e d  t o  c o n f i r m  t h e  r e s u l t s  o f  t h e  s c r e e n i n g  p r o g r a m ,  d e -  
f ine  the  su i t ab le  r ange  o f  a l loy  compos i t ion  wi th in  na r row l i m i t s ,  
and extend the measurements of mechanical and magnetic properties.  
In  the  f ina l  phase  o f  t he  p rogram,  two ferr i t ic  a l loy  compos i t ions  
and two cobalt-base compositions were selected and vacuum-induc- 
t i o n  m e l t e d  i n  t h e  form  of  15-pound  ingots.   Hardness,   coercivity 
and saturat ion measurements  w e r e  conducted  which  ver i f ied  the  re- 
s u l t s  o b t a i n e d  on p rev ious  tests.  Then c reep  tests, ac and  dc 
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magnetic tests and a k i n e t i c s  s t u d y ,  were conducted on samples of 
t h e  i n g o t s  a n d  t h e  f i n a l  e v a l u a t i o n s  were made. 
Two g e n e r a l  areas of bas i c  a l loy  compos i t ion  are regarded as t h e  
most  promis ing  for  provid ing  a l loys  wi th  the  des i red  proper t ies .  
First, body-cen te red  f e r r i t i c  a l loys  o f  i ron  and  coba l t  con ta in -  
i n g  a d d i t i o n a l  a l l o y i n g  e l e m e n t s  f o r  s t r e n g t h e n i n g  b y  a p r e c i p i -  
t a t i o n   h a r d e n i n g  mechanism.  Second,  cobalt-base  alloys  with a l -  
l o y i n g  a d d i t i o n s  t o  o b t a i n  p r e c i p i t a t i o n  s t r e n g t h e n i n g .  The bas- 
i c  composi t ion  must  provide  magnet ic  sa tura t ion  which  i s  still 
adequate  between 1000°  and 1200OF. The known d a t a  i n  l i t e r a t u r e  
which are best   reviewed  in  Bozorth,   Ferromagnetism (ref .  11-1) I ,  
were c o n s i d e r e d  i n  t h e  s e l e c t i o n  o f  t h e  two areas of interest: 
1) a f e r r i t i c   o r   m a r t e n s i t i c   i r o n - c o b a l t   a l l o y  
2 )  a c o b a l t   a l l o y  
I ron -coba l t  a l l oys  wi th  coba l t  be tween  30 and 50 pe rcen t  appea r  
t o  be t h e  most s u i t a b l e  i n s o f a r  a s  a h igh  va lue  of magnet izat ion 
i s  concerned. The magnet izat ion  dependence  of   i ron-cobal t  compo- 
s i t i o n s  on t h e  coba l t  con ten t  is p l o t t e d  i n  f i g u r e  11-1 from d a t a  
remeasured a t  t h e  Westinghouse  Laboratories.  The v a l u e s   d i f f e r  
s l i g h t l y  from e a r l i e r  r e s u l t s  p u b l i s h e d  i n  t h e  l i t e r a t u r e  ( r e f s .  
1 1 - 2 ,  11-3, and 1 1 - 4 ) .  These d i f f e rences   a r e   d i scussed   and  re- 
s o l v e d   i n   s e c t i o n  I11 of   t h i s   t op ica l   r epor t .   A l though   peak  room 
tempera ture  magnet ic  sa tura t ion  i s  a t t a i n e d  a t  30 p e r c e n t  c o b a l t  
and t h e  1 1 1 2 O F  ( 6 O O O C )  magne t i c  s a tu ra t ion  a t  30 t o  4 0  percen t  
c o b a l t ,  it was b e l i e v e d  d e s i r a b l e  t o  h o l d  t h e  c o b a l t  c o n t e n t  w e l l  
below 30 p e r c e n t  t o  a v o i d  e m b r i t t l i n g  e f f e c t s .  F o r  a s i m i l a r  
reason ,  composi t ions  in  which  phase  t ransformat ion  resul ts  i n  a 
hexagonal  phase,   as i n  pu re   coba l t ,  must  be  avoided.  This may be 
accomplished by t h e  add i t ion  o f  a t  l e a s t  f i v e  w e i g h t  p e r c e n t  i r o n .  
The bas i c  a l loy  compos i t ions  which provide t h e  requi red  magnet ic  
s a t u r a t i o n  a t  s e r v i c e  t e m p e r a t u r e  do n o t  p o s s e s s  t h e  r e q u i r e d  
s t rength .   Therefore ,   su i tab le   a l loy ing   e lements   mus t   be   added   to  
provide a u s e f u l   p r e c i p i t a t i o n   h a r d e n i n g   r e a c t i o n .  R. F. Decker 
r e c e n t l y  p r e s e n t e d  a r ev iew o f  po ten t  p rec ip i t a t ion  ha rden ing  re- 
a c t i o n s  i n  h i g h  t e m p e r a t u r e  a l l o y s  a n d  i n  steel  ( r e f s .  11-5  and 
11-61. I t  i s  g e n e r a l l y   a c c e p t e d   t h a t  a p r e c i p i t a t i o n  p r o c e s s  i n -  
v o l v i n g  i n t e r m e t a l l i c  compounds is p r e f e r r e d  t o  c a r b i d e  f o r m a t i o n  
when s t a b i l i t y  a t  t e m p e r a t u r e  i s  r equ i r ed .  O f  a l l  known p r e c i p i -  
t a t i on  phases  wh ich  occur ,  on ly  p rec ip i t a t ion  o f  an  A3B phase ap- 
p e a r s  t o  l e a d  t o  a p o t e n t  p r e c i p i t a t i o n  s t r e n g t h e n i n g  p r o c e s s .  
T h i s  process ,  however ,  never  occurs  in  f e r r i t i c  i r o n - c o b a l t  o r  
i n  f a c e - c e n t e r e d  c u b i c  c o b a l t  a l l o y s  u n l e s s  a s u b s t a n t i a l  amount 
of n i c k e l  is p resen t .  
References are l i s t e d  s e p a r a t e l y  f o r  e a c h  s e c t i o n  of t h i s  
t o p i c a l  r e p o r t  i n  s e c t i o n  V I .  
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COBALT CONTENT (WEIGHT PERCENT) 
FIGURE 11-1. In f luence   o f   Coba l t   Con ten t   on   t he   Sa tu ra t ion  
Magnetic Moment in  the  I ron-Cobal t  Sys tem 
I n  t h e  f e r r i t i c  a l l o y s ,  t h e  m a r a g i n g  t r e a t m e n t  p r o d u c e s  h i g h  
s t r e n g t h .   T h i s   t r e a t m e n t   a l s o   r e q u i r e s  t h e  p re sence   o f  a cer- 
t a i n  amount of n i c k e l  i n  t h e  a l l o y .  I t  has  been shown t h a t  mar- 
t e n s i t i c  a l l o y s  c o n t a i n i n g  b e t w e e n  1 2  and 15 percent  nickel  re- 
spond t o  the  marag ing  t r ea tmen t ,  p rov id ing  ve ry  h igh  s t r eng th  
and  good  toughness  (refs.  11-7,  11-8, 11 -9 ,  and 1 1 - 1 0 ] .  The 
l i m i t a t i o n  of t h e  commercial maraging s teels ,  w i t h  r e g a r d  t o  
service tempera ture ,  i s  caused by t h e  i n s t a b i l i t y  o f  t h e  p a r e n t  
phase which reverts t o  a u s t e n i t e  a t  temperatures  exceeding 662O 
t o  932OF (350O t o  5 O O O C )  depending  on  alloy  composition.  This 
r e s u l t s  i n  t h e  loss of  magnet ic  proper t ies  and  a decrease i n  
s t r e n g t h   ( r e f .  11-11]. One goal   of   the   screening  program  con-  
duc ted  du r ing  in i t i a l  phase  o f  t h i s  p rogram w a s  t o  f i n d  a s u i t -  
a b l e  Fe-Co alloy composition which responded t o  the maraging 
t r e a t m e n t  a n d  m a i n t a i n e d  s u f f i c i e n t  t e m p e r a t u r e  s t a b i l i t y  o f  t h e  
a lpha   phase .   S ta ted  more s p e c i f i c a l l y ,  t h e  p u r p o s e  of t h e   s c r e e n -  
ing program w a s  t o  select a f e r r i t i c  c o m p o s i t i o n  f u l f i l l i n g  t h e  
following requirements:  
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1) High magne t i c   s a tu ra t ion  (Bs) a t  t h e  service tempera- 
t u r e  (Bs 2 1 3 , 0 0 0  gauss.)  O r ,  s i n c e   s a t u r a t i o n   m a g n e t i c  
moments ( a )  w a s  more readi ly  measured  on  small spec i -  
mens, a 2130 - emu/gram a t  1112OF ( 6 O O O C ) .  
2 )  The a lpha  t o  gamma t ransformat ion   should  start dur ing  
heating  (59OoF(5O0C)/min)  above  1112°F (600°c)  - 
3 )  A p r e c i p i t a t i o n   r e a c t i o n   o c c u r s   s u c h  that a hardness  
of more than 500 VHN can  be  achieved  dur ing  ag ing  a t  
1022OF (55OOC) t o  1112OF (6OOOC).  
A l a r g e  v a r i e t y  of cobal t  base  a l loys  have  been  developed  as  h igh  
t empera tu re   ma te r i a l s   ( r e f s .  11-12 and  11-13]. These a l l o y s  are 
ei ther  non-magnetic o r  have very poor  magnet ic  saturat ion al though 
t h e  range  of  se rv ice  tempera ture  might  be  w e l l  above the  1022O t o  
1202OF (550O t o  65OOC) range. A few inves t iga t ions   have   been  made 
t o  s t u d y  p r e c i p i t a t i o n  h a r d e n i n g  i n  f e r r o m a g n e t i c  a l l o y s  (refs. 
11-13, 1 1 - 1 4 ,  11-15,  and 11-16] .  I t  appears  t h a t  one  can  expect 
ve ry  po ten t  p rec ip i t a t ion  ha rden ing  i n  coba l t -base  a l loys  on ly  
when a face  centered  cubic  phase  in  the  form A3B is  formed (ref.  
11-61.  This  aga in   r equ i r e s  a s u b s t a n t i a l  amount of n i c k e l  p re sen t .  
To ob ta in  good c reep  s t r eng th ,  d i scon t inuous  p rec ip i t a t ion ,  wh ich  
w i l l  be  f avored  in  coba l t -base  a l loys  (refs.  11-16 and 1 1 - 1 7 ) ,  
must be avoided. 
The f irst  s t e p  i n  t h e  s c r e e n i n g  of t h e  coba l t -base  a l loys  was a 
s t u d y  of t he  in f luence  of i r o n  and n i c k e l  o n  t h e  s a t u r a t i o n  o f  
b i n a r y  c o b a l t  a l l o y s .  The purpose  of the screening  program was 
t o  select a c o b a l t - b a s e  c o m p o s i t i o n  f u l f i l l i n g  the fo l lowing  re- 
quirements.  
2 )  A minimum hardness  of 350 VHN 
3 )  N o  d i s c o n t i n u o u s   p r e c i p i t a t e   f o r m s   a f t e r  1 0 0  hours 
a g i n g  a t  1292OF (75OOC) 
The screening  of  cobal t -base  a l loys  w a s  c a r r i e d  on simultaneously 
w i t h  t he  screening  of  the  mar tens i t ic  type  a l loy .  Dur ing  t h e  
first phase of the program, a t o t a l  of more than 100 a l l o y  com- 
p o s i t i o n s  were melted by t h e  l e v i t a t i o n  m e l t i n g  t e c h n i q u e .  The 
i n g o t s  c a s t  by t h i s  t e c h n i q u e  were small: t he re fo re ,  comple t e  
eva lua t ion  of mechanical  and magnet ic  propert ies  were n o t  at-  
tempted. However,  a number of  simple tests which  could  be  per- 
formed on very small specimens were adequa te  fo r  t he  sc reen ing  
of   a l loys .  The coerc ive   force   and   magnet ic   sa tura t ion  were 
measured on the l e v i t a t i o n  melted samples and were s u f f i c i e n t  
10 
,.. - 
for cha rac t e r i z ing   magne t i c   p rope r t i e s .  The magne t i c   s a tu ra t ion  
measurements w e r e  made a t  room temperature and a t  1112OF ( 6 0 O O C ) .  
Coerc iv i ty  tests w e r e  made only  a t  room tempera ture .  In  most 
cases c o e r c i v i t y  w i l l  be less a t  h ighe r  test tempera tures  than  
a t  room temperature.  T a b l e  11-1 shows a comparison of s a t u r a -  
t i on ,  coe rc ive  fo rce  and  induc t ion  a t  100 o e r s t e d s  f o r  s e v e r a l  
commerc ia l ly   ava i lab le   a l loys .   These   a l loys   have   been   the   p r ime 
c a n d i d a t e s  f o r  rotor a p p l i c a t i o n s  i n  h i g h  t e m p e r a t u r e  a l t e r n a -  
tors. 
I f ,  i n  t h e  c o u r s e  of t e s t i n g  new a l loys  on  the  screening  program,  
higher  values  of magnet ic  saturat ion and lower values  of coer- 
c i v i t y  are determined,  then the permeabi l i ty  of t h e  new a l l o y  w i l l  
be b e t t e r  t h a n  t h a t  l i s t e d  for t he  commerc ia l  a l loys  in  table 
11-1. 
Unfortunately,  there e x i s t s  no simple method of t e s t i n g  t o  pre- 
d i c t  c r e e p  p r o p e r t i e s ,  f o r  c r e e p  s t r e n g t h  is a very complex prop- 
e r t y .  High v i e l d  stress is a d e s i r a b l e   t h o u g h   i n s u f f i c i e n t  re- 
quirement   for   high  creep  s t rength.   Hardness   measurements   a l low 
p r e d i c t i o n  o f  y i e l d  s t r e n g t h  w i t h i n  c e r t a i n  limits. 
I n  o r d e r  t o  o b t a i n  a h i g h  y i e l d  s t r e n g t h ,  p r e c i p i t a t i o n  h a r d e n -  
i n g  was eva lua ted  on t h i s  p ro j ec t .   I soch rona l   ag ing  w i t h  succes- 
s ive ly  inc reas ing  inc remen t s  i n  temperature was used t o  determine 
whether  age-hardening by  a p r e c i p i t a t i o n  r e a c t i o n  o c c u r r e d  i n  a 
s p e c i f i c  a l l o y .  A f t e r  a homogenizat ion  anneal ing  t reatment ,   the  
TABLE 11-1. Magnet ic   Propert ies   of   Several  High S t r eng th  
Commercial Alloys 
r ""- ~ ~ ~ ~.." - 
Induction  at 
Test 
14. 1 
18.4 
12,500 1112"F(600"C)(~) 
14,800 792"F(425"C) (Fe-5Cr-l.3Mo-0.5V-O.4OC) 
23.9 16,400 Room 
(oersteds) (gauss) Temperature 
Coercivity 100 Oersteds 
Material 
~ . - -. . . . 
H-11 
~ ~" "" , -- ~ .. - . _ ~ _ _ _  
~~ 
15% Ni Maraging Steel 
38. 1 10,000 1112"F(600"C)(b) 
19.6 14,400 792"F(425"C) (Fe-9Co-5Mo-0.  70Ti-0. ?OM-15Ni) 
22.  6 16,500 Room 
. . -  .. . . -. . . 
Nivco  Alloy 
9,800 
10,200 
1112"F(600'C) 
792"F(425"C) (Co-23Ni-lZr-ZTi) 
11.46 10,800 Room 
6.31 
8.  43 
(a) - Carbide precipitate not stable  at 600°C. 
(b) - Matrix not stable  at 600°C. 
Saturation 
(gauss) 
18,000 
15,000 
13,500 
"-I Hardness 
18,500 
15,800 
13,000 
12,500 
12,000 
11,000 
360 
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samples were aged fo r  one  hour  a t  a temperature  which w a s  i n -  
c r eased  by 90°F (5OOC) increments  af ter  each   ag ing   s t ep .  The 
roan temperature  Vickers  hardness  was measured af ter  each  ag ing  
s t e p .  A p l o t  o f  h a r d n e s s  as a func t ion  o f  ag ing  t empera tu re  was 
made. I f  p r e c i p i t a t i o n  h a r d e n i n g  d o e s  o c c u r  i n  a p a r t i c u l a r  a l -  
l oy ,  a maximum hardness  w i l l  be   obtained.  The tempera ture  a t  
which maximum hardness  occurs  represents  a s u i t a b l e  r a n g e  f o r  age 
h a r d e n i n g  t h a t  a l l o y .  The maximum hardness   va lue   ob ta ined   rep-  
r e s e n t s  t h e  l e v E 1  o f  s t r e n g t h  which may be a c h i e v e d  i n  t h e  a l l o y .  
I f  c r e e p  s t r e n g t h  a t  a ce r t a in  t empera tu re  is d e s i r e d ,  a second 
requirement i s  t h a t  t h e  age-hardened s t ructure  must  remain es- 
s e n t i a l l y  stable. I t  i s  p o s s i b l e  to  e s t i m a t e  t h e  tempera ture  
range where s t r u c t u r a l  s t a b i l i t y  c a n  b e  e x p e c t e d  by de termining  
the  temperature   where  overaging  occurs .   Overaging i s  a d e f i n i t e  
i n d i c a t i o n  t h a t  t h e  s t r u c t u r e  i s  changing.   In  many cases t h e  
temperature  range a t  which overaging is l i k e l y  t o  o c c u r  i s  some- 
what  h igher  than  the  tempera ture  range  of  maximum hardness de- 
termined by t h e  i s o c h r o n a l  t e s t i n g  method.  However, many in -  
s t a n c e s  are known i n  which a d e c r e a s e  i n  y i e l d  s t r e n g t h  o c c u r s  
a t  a very low o r  n e g l i g i b l e  rate a f t e r  i n i t i a l  r e a r r a n g e m e n t  o f  
t h e  m e t a l l u r g i c a l  s t r u c t u r e .  A b e t t e r  i n d i c a t i o n  o f  t h e  rate 
of overaging may be  obta ined  by i so the rma l  ag ing  a t  a s p e c i f i e d  
temperature .  
I so thermal  ag ing  w a s  a l s o  a p p l i e d  t o  a l l o y  s p e c i m e n s  o n  t h i s  p r o -  
gram.  Specimens were aged a t  a cons t an t   t empera tu re  a t  va ry ing  
per iods   o f  t i m e .  The t i m e  i n t e r v a l s  were chosen  to   approximate 
a logari thmic  sequence.  V i c k e r s  pyramid  hardness w a s  measured 
a t  room t empera tu re   a f t e r   each   i so the rma l   ag ing   pe r iod .  The 
maximum hardness  was o f t e n  a t t a i n e d  i n  t h e  i n i t i a l  s t a g e s  o f  
aging. 
The hardness  when p l o t t e d  on a loga r i thmic  scale may be  ex t rapo-  
l a t e d  t o  i n d i c a t e  t h e  d e c r e a s e  o f  h a r d n e s s  a t  time i n t e r v a l s  be- 
yond t h e  measured  periods. However, t h e   e x t r a p o l a t e d   v a l u e s  may 
b e  c o n s i d e r e d  r e l i a b l e  estimates o n l y  f o r  t i m e  periods which are 
no  more than 1 0  times larger   than  the  measured  per iods.   Coerciv-  
i t y ,  as a s t r u c t u r e  s e n s i t i v e  p r o p e r t y  w i l l  a l s o  b e  i n f l u e n c e d  by 
t h e  change   o f   s t ruc tu re   du r ing   ove rag ing .   The re fo re ,   coe rc iv i ty  
was measured  during  the  aging  schedules.   In  most cases, overaging 
i s  caused by c o a g u l a t i o n   o f   p r e c i p i t a t e   p a r t i c l e s .  However, it 
may a lso  be  caused ,  i n  some i n s t a n c e s  a s  i n  m a r a g i n g  s t ee l ,  by a 
d i f fus ion  cont ro l led  decomposi t ion  of  the  ground mat r ix  when 
phase   t ransformat ion  i s  t o  be  expected. A d i l a t o m e t e r  tes t  w a s  
a p p l i e d  t o  e s t a b l i s h  t h e  temperature  range of  a poss ib l e  phase  
t ransformat ion .  By h e a t i n g  a t  a r a the r   s low rate d u r i n g  t h e  
d i l a t o m e t e r  test ,  a good estimate of  the t ransformation tempera-  
t u r e  may be obtained even when t h e  t r a n s f o r m a t i o n  r e a c t i o n  i s  
ve ry  s lugg i sh .  
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B. EXPERIMENTAL PROCEDURE AND TESTING 
1. L e v i t a t i o n  Melting 
The e x p e r i m e n t a l  s c r e e n i n g  a l l o y s  were prepared  by the levi-  
t a t i o n  me l t ing   t echn ique .   In   gene ra l ,  a c y l i n d r i c a l  com- 
pac t ion  was made about 5/8-inch diameter and 3/4-inch high 
wi th  a weight  of 20  to 25 grams. A p r e s s u r e  of 220,000 psi 
w a s  app l i ed  fo r  one  minu te .  Very small c h i p s  of e l e c t r o l y t i c  
g r a d e   n i c k e l ,   c o b a l t ,   a n d   i r o n  were used. T a b l e  11-2 lists 
t h e  metals used according t o  s u p p l i e r ,  trade name, a n d  t h e  
s u p p l i e r   a n a l y s i s .  The a l l o y i n g   e l e m e n t s   p r e s e n t   i n  s m a l -  
ler  percentages  were added as small c h i p s  t i g h t l y  wrapped 
i n  c o b a l t  o r  n i c k e l  fo i l .  The small wrapped  package w a s  
i n s e r t e d  i n  t h e  c e n t e r  of the compaction. 
The l e v i t a t i o n  m e l t i n g  w a s  performed i n  a chamber which w a s  
f i rs t  pumped down t o  less t h a n   t o r r ,   t h e n   b a c k - f i l l e d  
with pure argon (10  pprn 0 2  max., 5 ppm H2, 4 0  ppm Hz; -85OF 
dew p o i n t )  t o  a p r e s s u r e  of about  700 mm mercury.  The levi-  
t a t i o n  m e l t i n g  t e c h n i q u e  w a s  r e c e n t l y  d e s c r i b e d  i n  d e t a i l  
by W. A. Pfeifer ( ref .  11-18]. For t h i s   s t u d y  a funnel -  
shaped  co i l  o f  f ive  windings w a s  used. The frequency w a s  
i n  t h e  r a n g e  o f  550 k i l o c y c l e s ,  t h e  i n p u t  e n e r g y  i n  t h e  
range of  3 t o  5 k i l o w a t t s ,  a n d  t h e  o p e r a t i n g  v o l t a g e  w a s  
n e a r  750 v o l t s .  
The p rocedure  fo r  me l t ing  cons i s t ed  o f  hea t ing  the  compac- 
t i o n s  t o  the mel t ing   t empera ture   wi th in  60  seconds.  A f t e r  
f i v e  more seconds ,   t he   en t i r e   su r f ace   appea red   mo l t en .  The 
sample was k e p t  i n  t h e  m o l t e n  s t a t e  f o r  e i g h t  s e c o n d s .  Dur- 
i n g  t h i s  p e r i o d ,  t h e  t e m p e r a t u r e  i n c r e a s e d  f u r t h e r ;  a n  i n -  
d i c a t i o n   t h a t   t h e   s a m p l e  was completely  molten.  Then t h e  
molten mass w a s  d ropped  in to  a copper mold which w a s  pos i -  
t i o n e d  b e n e a t h  t h e  c o i l .  The  mold was s l i g h t l y  t a p e r e d  t o  
provide  a bar -shaped  ingot  wi th  a 9/32-inch diameter on one 
end  and  5/16-inch  diameter  on  the  upper  end. The i n g o t  w a s  
1-7/8  inches  long. 
The cast  s t r u c t u r e  a l w a y s  showed a homogeneous phase as 
shown i n  a t y p i c a l  p h o t o g r a p h  i n  f i g u r e  11-2.  A d e n d r i t i c  
growth from the outs ide w a l l  i n t o  t h e  c e n t e r  may be noted.  
The appea rance  o f  r a the r  l a rge  dendr i t i c  g rowth  even  a f te r  
c a s t i n g  i n  a c o l d  mold p r o v e s  t h a t  t h e  p u r i t y  a n d  homogen- 
i t y  of t h e  material w a s  very good. 
A f rac t ion  of  the  added  e lements  wi th  h igher  vapor  pressure  
such as  manganese,  chromium, and those with act ivi ty  toward 
oxygen  such as aluminum, t i t an ium and bery l l ium,  may b e  l o s t  
dur ing  mel t ing .  The method  of  compaction  and  the  use of 
i n e r t  g a s  p r o v i d e d  some p ro tec t ion  aga ins t  evapora t ion  and  
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TABLE 11-2. Analyses of Metals  Used  in  Experimental  Alloys 
(weight  percent) 
International 
Alcoa 
Foote  Mineral  Co. 
Fisher  Scientific  Co. 
Fisher  Scientific  Co. 
Electro-Metallurgical 
0.002 
99.61 
Material 
Iron (a) 
Cobalt (a) 
Nickel (a) 
Beryllium (b) 
Titanium (b) 
Aluminum (b) 
Manganese (b) 
Chromium  (a) 
Tin (a) 
Antimony (a) 
.Silicon  (a) T 
1 I 
Zinc (a) 
Germanium ('1 
Niobium  (a) 
" -
Tantalum (a)  
(a) - Lot analysis  provided by supplier. 
(b) - Typical  analysis  provided  by  supplier. 
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- 
cu V "f" 0 Other P-0.003 
Pb-0,00026 
Slag 4% 
Total < 0. 6 
Mg-0.002 
Ga-0.01 
L- 
0.001 I 0.004 0.005 
~~ 
"" 
O. 003 O. 001 0.001 
0.005 
" 
0.03 
.. . 
.. 
0.011 
. . ." 
0.004 
0.001 
~ - .  
Trace 
. .  
. .  
.~ ~~ 
" ~ 
I. 024 
cu 
0.016 
". . - 
- 
0.001 
" 
min. 
P-Not  detectable 
Heavy  Metals 0.00 
As Nb I Ta 
0.0003 0.008 I +- "-+" "7" I I. OOOOl 
0.0°5 I Total foreign metals 0.05 0.020 
0.004 
" . 
i -  
0.010 
" ~ 
1.001 . 
1.002 
- .. 
~ 
I 
-"- "- - -- I. 004 
- - . .. 
_" . 
0.002 + 3 . 0 1  " 4" A1 -0.05 Ca-0.01 1~.00000 1 I -1 - " 
nin. 
rnin. 
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Photograph shows d e n d r i t i c  g r o w t h  i n  t h e  
l e v i t a t i o n  meltel! i ngo t .  The g r a i n s  con- 
t a i n  many twins.  
F I G U R E  11-2 .  Photograph  of A s - C a s t  S t r u c t u r e   o f  
Cobalt-Base Alloy 1-B-4 
(80Co-5Fe-15Ni) 1 4 X  
oxidat ion.   Therefore ,  it may be  expected,  based  on  the 
e x p e r i e n c e  g a i n e d  i n  l e v i t a t i o n  m e l t i n g  p r a c t i c e ,  t h a t  
less than  20 pe rcen t  of t h e  t o t a l  amount of t h e s e  ele- 
ments would be l o s t  dur ing  the  mel t ing  procedure .  
I n  a few cases when d i f f i c u l t i e s  were encoun te red  in  co ld  
r o l l i n g ,  master a l l o y s  w e r e  u s e d  i n  l e v i t a t i o n  m e l t i n g  t h e  
expe r imen ta l   a l l oys .  The compositions of t h e  master a l l o y s ,  
as s p e c i f i e d  by t h e  s u p p l i e r  a re  g i v e n  i n  t a b l e  11-3. Anal- 
y s i s  t o  d e t e r m i n e  t h e  a c t u a l  amount of a l l o y i n g  c o n s t i t u -  
e n t s  i n  t h e  m e l t e d  i n g o t s  were not performed on the screen- 
ing  program. However, ana lyses  were performed when selec- 
t i o n  o f  t h e  b e t t e r  a l l o y s  were made l a t e r  i n  t h e  program. 
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TABLE 11-3. Composition of Master Alloys(a) (weight  percent) 
Material ! 1 Fe i B Nb 
Bal ; 18.54 Reading  Alloys  Inc. Ferro Boron 
Supplier Designation S n I  Other s P C A1 Nl B e l  Mo W Ti C r  V 1 Si j I !  I 
I 
i I  
0.52 
Lot 20-150 I 
Ferro 
Ta-0.10 Columbium 
Mn-0.37 0.009 10.017 0.031 0.057 0.46 Bal , 68.6 j ' 1.50 : 0.55 Reading  Alloys  Inc. 
1 ,  ; / I  
! I !  Lot 20-106 
Ferro 
Vanadium 
Ea1 ~ Reading Alloys Inc. 
i i j 52.71 1 . q  0.38 0.03 0.03 0.11 Lot 20-106 
I I I 
50% 
I 
Union Carbide  Corp. 0.08 50.96 Bal 1 
Ferrosilicon 
I (Low aluminum) 
I 
Ferrochrome 
(Low carbon) 
Bal Union Carbide Cow. I 0.23 0.010 72.53 
70% 0.05 3.68 65.97 0.04 Bal Union Carbide  Corp. 
Ferrotltanium 
Columbium 
<0.003Tn-O.l 0.009 0.028 0.034 0.21 39.18 0.22 59.8 0.43 Reading Alloys Inc. Nickel 
Mn-0.05 Ferrotungsten 
cu-0.02 <o. 01 <o. 01 0.01 79.84 0.02 Bal Union Carbide  Corp. Ucar 
I 
Lot  20-140 
Nickel 
Molybdenum 
Cu-<O.Ol 0.039 0.33 31.18 66.26 0.48 0.88 Reading Alloys Inc . 
Lot  20-161 
Pb-<O. 01 
Beryllium 
Nickel 
<0.2 <0.07 B a 1  8-12% <O. 07 <O. 12 Brush  Beryllium  Co. 
(a) Composition  reported by the supplier. 
- 
I! 
2. Saturation Measurements 
Specimens fo r  s a tu ra t ion  measu remen t s  were machined from 
the l e v i t a t i o n - m e l t e d   i n g o t s .  The specimens were 1/10  i nch  
in  d i ame te r  and  1 /10  inch high.  
S a t u r a t i o n  w a s  measured i n  a m a g n e t i c  f i e l d  w i t h  a g r a d i e n t  
of 980 o e r s t e d s  p e r  c e n t i m e t e r .  The mean values of t h e  ap- 
p l i e d  f i e l d  was on t h e  o r d e r  o f  1 0 , 0 0 0  o e r s t e d s .  The accur- 
acy w a s  wi th in  one  percent .  For  measur ing  the  sa tura t ion  
a t  high temperature ,  a small e lec t r ic  r e s i s t a n c e  f u r n a c e  
w a s  p l a c e d  i n t o  t h e  g a p  o f  t h e  magnet which was double wound 
t o  a v o i d  any a d d i t i o n a l  f i e l d  by t h e  e lec t r ic  cu r ren t  pas s -  
ing  through  the  windings.   This   technique  reduced  the re- 
s i d u a l  f i e l d  below 1 0 0  m i l l i o e r s t e d s .  The measured  satura-  
t i o n  v a l u e s  a r e  p r e s e n t e d  i n  t h i s  r e p o r t  a s  m a g n e t i c  moment 
p e r  gram ( a )  which may be converted t o  the approximate sat- 
u r a t i o n  i n d u c t i o n  (Bs) by the  equa t ion  
Bs = 41~06 
The d e n s i t y  6 was not  de te rmined  for  t h e  e x p e r i m e n t a l  a l l o y s .  
A va lue  of 8g/cc was u s e d  f o r  t h e  d e n s i t y  o f  t h e  f e r r i t i c  
a l l o y s  and a densi ty  of  8 .8g/cc was used  fo r  t he  coba l t -  
base  a l loys .  
3. Dilatometer  Tests (Transformation  Temperature) 
Dilatometer samples were machined t o  b a r s  1 / 4 - i n c h  i n  d i -  
ameter  and  one  inch  long. A d r i l l e d  h o l e  w a s  p r o v i d e d  i n  
the di la tometer  specimens for  thermocouple  placement .  
The d i l a t o m e t e r  t es t s  were made under  h igh-pur i ty  a rgon  by 
h e a t i n g  t o  1832'F ( l O O O " C ) ,  t hen  coo l ing  wh i l e  r eco rd ing  
the  change i n  l e n g t h   a t   t e m p e r a t u r e .  The h e a t i n g  rates ap- 
p l i e d  were 90°F/min  (5O0C/min) o r  1 . 8  t o  3.6'F/min (1 t o  
2'C/min). The coo l ing  rates were 90°F/min (50°C/min) o r  
9"F/min (5"C/min). 
The beginning and end of a n o t i c e a b l e  d e v i a t i o n  i n  t h e  s l o p e  
of  the thermal  expansion curves were recorded a t  the  begin-  
ning and end of  t ransformat ion .  
4 .  Aginq Tests, Coercivity  and  Hardness  Measurements 
A f t e r  d i l a t o m e t e r  tes ts  were performed, OR t h e  f e r r i t i c  
a l loys ,  t he  cas t  rod  samples  were c o l d  r o l l e d  ( - 5 0 %  re- 
duc t ion )  on a two-high m i l l  w i t h  e i g h t - i n c h  d i a m e t e r  r o l l s  
a t  a speed  of  one  inch  per  second. The 9 5 - m i l - t h i c k  s t r i p s  
w e r e  u sed  fo r  t he  ag ing ,  ha rdness ,  and c o e r c i v i t y  tests. 
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The f e r r i t i c  a l loy  samples  were homogenized and austeni t ized 
in  an  a rgon  f lu shed  tube furnace  a t  1832OF ( lOOO°C)  f o r  30 
minutes.  Then the  samples  underwent  isochronal  anneal as 
fol lows.  The samples were he ld  for  one  hour a t  tempera ture  
w i t h  i n t e r m i t t e n t  i n c r e a s e s  o f  9 0 ° F  (5OOC) between 842OF 
(450OC) and 1202OF  (65OOC). A f l o w  c h a r t  f o r  i s o c h r o n a l  
ag ing   t he  f e r r i t i c  a l l o y s  is shown i n  f i g u r e  11-3.  Aging 
a t  each temperature  w a s  performed i n  a s a l t  b a t h  u s i n g  a 
n e u t r a l  b l e n d  o f  a . l k a l i  n i t r a t e s  a n d  n i t r i d e s  a t  t h e  lower 
t e m p e r a t u r e s  a n d  a l k a l i  o r  a l k a l i n e  c h l o r i d e s  a t  the  h igh-  
es t  tempera tures .   (See   t ab le  11-4 fo r  d e t a i l s .  ) The f u r -  
nace  temperature  w a s  c o n t r o l l e d   w i t h i n  I 9OF (&5OC). Room 
temperature  hardness  and coercive force w e r e  measured a f te r  
each   ag ing   i n t e rva l .  The coba l t -base   a l loys  were s u b j e c t e d  
t o  the  i sochronal  ag ing  sequence  a t  s l i gh t ly  h ighe r  t empera -  
t u r e  i n t e r v a l s ;  t h e  l o w e s t  a g i n g  t e m p e r a t u r e  w a s  932OF 
( 5 0 0 ° C )  and t h e  h i g h e s t  w a s  1382°F ( 7 5 0 ° C ) .  
A f t e r  i sochronal  ag ing ,  the  samples  were homogenized  by a 
hea t  t r ea tmen t  w i th  a s l i g h t  ( 5 % )  cold  reduct ion  between 
annea ls .  The change  in  room temperature   hardness   and  coer-  
cive f o r c e  was measured a f t e r  i s o t h e r m a l  a g i n g  a t  1022OF 
(550°C) for t h e  f e r r i t i c  a l l o y s  and a t  1292°F (7OOOC) f o r  
t he   coba l t -base   a l loys .  A f low  char t   showing  the   i so thermal  
a g i n g   i n t e r v a l s  i s  shown i n   f i g u r e  11-4. The t o t a l   a g i n g  
t i m e  f o r  f e r r i t i c  and cobal t -base al loys w a s  1 0 0  hours .  
TABLE 1 1 - 4 .  Type of S a l t  B a t h  Used for t h e  
Aging Treatments 
Temperature 
of Treatment 
1 1 1 2 "  t o  1 2 9 2 O ~  
( 6 0 0 '  t o  700°C) 
1 3 8 2 " ~  
(750OC) 
Sa l t   Des igna t ion  ( a )  
Blend! of  A l k a l i  Thermosalt  #311 
Main Cons t i t uen t s  
Nitrates  and  Ni t r i t e s  
Thermosalt # 9 1 4  Ternary Mixture of 
Alkal i  and Alkal ine 
Chlor ides  
Therrnosalt 
Chlor ides  # l o 1 8  
Eu tec t i c  Mix tu re  of 
(a) Carrnac C h e m i c a l  Company Designat ion 
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Vickers pyramid hardness w a s  measured using a 50-kilogram 
load  and a 15-second  indentat ion t i m e .  Th ree   i nden ta t ions  
were made and   the  mean value  determined.  The c o e r c i v i t y  
w a s  measured in  the  Koerz ime te r  made by t h e  F o r s t e r  Co., 
Reut l ingen ,  Germany ( f igu re   11 -5 ) .   Th i s   i n s t rumen t  i s  cap- 
ab le  of  measur ing  the  coerc ive  force  of  samples  wi th  small 
or  unusual  geometry.  The sample w a s  m a g n e t i z e d  i n  a l a r g e  
f i e l d  c o i l ,  t h e  m a g n e t i z i n g  f i e l d  b e i n g  1300 oexs t eds .  A f -  
t e r  s w i t c h i n g  o f f  t h e  f i e l d ,  t h e  r e m a n e n t  f i e l d  of t h e  sam- 
p l e s  w a s  determined by a v e r y  s e n s i t i v e  f i e l d  p r o b e  as seen  
i n  f i g u r e  11-6. A r e v e r s e  f i e l d  w a s  t h e n   a p p l i e d ,   i n c r e a s -  
i ng  g radua l ly  f rom ze ro  un t i l  the f i e l d  p r o b e  d i d  n o t  i n d i -  
cate any  remanent f i e l d  from the   sample .  The measured  value 
o f  c o e r c i v i t y  w a s  e s t a b l i s h e d  by f o u r  r e a d i n g s .  The d i r e c -  
t i o n  o f  t h e  a p p l i e d  m a g n e t i z i n g  f i e l d  w a s  reversed between 
each  reading.   Coercive  force  measured by t h i s  method w a s  
a c c u r a t e  t o  two pe rcen t .  
5. Prepara t ion   of  Vacuum-Arc ". Melted Buttons 
Vacuum-arc mel ted  but tons  were p r e p a r e d  f o r  t h e  s e c o n d  s t a g e  
of t h e  screening  program. Three  hundred-gram  buttons  of 
s ix  coba l t -base  and  s ix  f e r r i t i c  t y p e  a l l o y s  w e r e  prepared.  
Composition limits were based on t h e  e v a l u a t i o n  of t e s t  re- 
s u l t s  made on t h e   l e v i t a t i o n - m e l t e d   a l l o y s .   B u t t o n s  were 
m e l t e d  i n  a vacuum-arc furnace with non-consumable tungsten 
e l e c t r o d e s .  Smal l  p i e c e s   o f   t h e   c o n s t i t u e n t  metals and 
m a s t e r  a l l o y s  were p l a c e d  i n  c o p p e r  c r u c i b l e s .  A l l  o f  t he  
minor   addi t ions  were added as master a l loys .   Table   11-5  
l i s ts  t h e  metal and  mas te r  a l loy  supp l i e r s  and  the  supp l i ed  
m a t e r i a l  a n a l y s i s .  
The vacuum-arc furnace contained a t u r n t a b l e  w i t h  s i x  cop- 
p e r  molds  which were about   th ree   inches   in   d iameter .   These  
served s imultaneously as c r u c i b l e s  f o r  vacuum-arc melting. 
The furnace  was e v a c u a t e d  t o  a p re s su re  o f  less than  1x10-4 
t o r r  and  then  back- f i l l ed  wi th  h igh -pur i ty  a rgon  to  a pres -  
s u r e  o f  <450 t o r r  and  evacuated  again.  The fu rnace  was 
b a c k - f i l l e d  t h r e e  times i n  this manner and evacuated t o  
less than  l ~ l O - ~  t o r r .   F i n a l l y ,   t h e   f u r n a c e  w a s  b a c k - f i l l e d  
wi th   he l ium  to  a p r e s s u r e  of - 2 0 0  t o r r .  The f irst  a l l o y  
b u t t o n  w a s  me l t ed  in  abou t  t h ree  minu tes .  The arc c u r r e n t  
was approximately 600 amps and  the  ope ra t ing  vo l t age  w a s  30 
v o l t s .  A f t e r  m e l t i n g  s i x  b u t t o n s ,  t h e  f u r n a c e  w a s  opened 
and  the  bu t tons  were inve r t ed .  The procedure   o f   evacuat ing  
and  back- f i l l i ng  w a s  r epea ted  and  the  bu t tons  were remelted.  
I n  g e n e r a l ,  t h e  a l l o y  b u t t o n s  were remelted twice. I n  a few 
cases when the  bot tom of  the  but ton  d id  not  appear  smooth ,  
t h e   b u t t o n s  were remelted a t h i r d  t i m e .  The 3-inch-dia- 
meter by 400-mil- thick but tons were then  c l eaned  by abra-  
sive b l a s t i n g .  
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FIGURE 11-5. Photograph of t h e  Forster  "Koerzimeter" 
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Showing Co i l  and  Sample F i e l d s  
The m a r t e n s i t i c  a l l o y s  were h e a t e d  f o r  30 minutes a t  1922OF 
IlO5O0C), then hot r o l l e d  i n  t h r e e  p a s s e s  t o  a th ickness  of  
150 m i l s .  A f t e r  each  pass ,  t he  s l abs  were pu t  i n t o  t h e  f u r -  
nace  fo r  15  minu tes .  Af t e r  ho t  ro l l i ng ,  the s l a b s  were 
sandb las t ed  then  co ld  ro l l ed  to  65-mil sheet.  
The coba l t -base  a l loys  were heated t o  2012OF ( l l O O ° C )  and 
s o a k e d  f o r  o n e  h o u r  t h e n  h o t  r o l l e d  i n  t h r e e  p a s s e s  t o  1 4 0  
m i l s .  A f t e r  each  pass  the  s l abs  were h e a t e d  i n  a furnace 
for   15  minutes .  A f t e r  h o t  r o l l i n g ,  t h e  slabs were rehea ted  
for   15  minutes  a t  2012'F ( l l O O ° C )  and   coo led   i n   a i r .  The 
slabs were then  sandblas ted  and  co ld  ro l led  t o  65-mil sheet.  
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Samples for  sa tura t ion  measurements ,  dilatometer tests, hard- 
ness  and coercivi ty  measurements  w e r e  p r e p a r e d  a n d  t e s t e d  i n  
t h e  same manner as t h e  l e v i t a t i o n - . m e l t e d  a l l o y s  p r e v i o u s l y  
descr ibed.   Isochronal   and isothermal aging  w e r e  performed 
as descr ibed   prev ious ly   wi th   one   except ion .   I sochronal  ag- 
i n g  of t h e  m a r t e n s i t i c  t y p e  a l l o y s  was started a t  932OF 
(500OC) i n s t e a d  of the 842OF  (45OOC) s t a r t i n g  t e m p e r a t u r e  
a p p l i e d  to  t h e  l e v i t a t i o n  melted samples. 
6. Preparation  of  Vacuum-Induction  Melted  Ingots 
The f o u r  a l l o y  c o m p o s i t i o n s  f o r  t h e  f i n a l  e v a l u a t i o n  were 
vacuum i n d u c t i o n  m e l t e d  i n  t h e  form o f  15-pound i n g o t s .  
The charge  used  in  mel t ing  each  of two large ferri t ic a l l o y  
ingots  weighed 8000 grams  and the charge  used  in  each  of two 
cobal t -base  a l loys  weighed 8500 grams. The metals used i n  
the charges  correspond to  t h o s e  l i s t e d  i n  table 11-2. The 
a l l o y i n g  a d d i t i o n s  w e r e  obtained from master a l l o y s  as spec i -  
f i e d  i n  table 11-5. 
The a l l o y  m e l t i n g  w a s  s t a r t e d  w i t h  t h e  Fe-Ni-Co metals i n  
an  induct ion  furnace  us ing  a h e a t i n g  coi l  o f  t h ree  wind ings  
o p e r a t i n g  a t  1 0 , 0 0 0  cyc le s  a t  a nominal 50  kVA. The molt n 
m a t e r i a l  w a s  h e l d  f o r  a b o u t  o n e  h o u r  a t  a vacuum of 2x10' 
t o r r ,  t h e n  o n e  gram of  Mischmetal w a s  added. A f t e r  t h e  p r e s -  
s u r e  r e t u r n e d  t o  2 ~ 1 0 ' ~  t o r r ,  t h e  f u r n a c e  was b a c k - f i l l e d  
w i t h  h i g h  p u r i t y  a r g o n  t o  a p re s su re  o f  280 t o r r .  The a l -  
loying  e lements  wer,e added as required.   Nickel-zirconium 
and  iron-boron were t h e  l a s t  a d d i t i o n s .  The same magnesium 
ox ide  c ruc ib l e  was used  fo r  a l l  melts. The a l l o y s  were then  
cast  i n t o  a n  i r o n  t u b e  t e n  i n c h e s  l o n g  w i t h  a two-inch inside 
diameter .  The tube ,   coa ted   wi th  a zirconia   wash,  was pos i -  
t i oned  on a coppe r  p l a t e .  A funnel  shaped  f rom ref rac tory  
b r i c k  w a s  p laced  on  top  of  the  tube. A f t e r  c o o l i n g ,  t h e  t o p  
o f  t he  ingo t s  fo rmed  in  th i s  mold were c u t  o f f .  A f t e r  cu t -  
t ing ,  each  ingot  weighed  7000 t o  7500 grams. 
The 2-inch diameter rod-shaped ingots were then used as con- 
sumple e l e c t r o d e s  i n  a vacuum-arc fu rnace  a t  a p re s su re  o f  
10' t o r r .   Me l t ing  w a s  performed a t  t h e  rate of   one  inch 
pe r  minu te  us ing  an  app l i ed  cu r ren t  o f  1600  amperes. The 
mold  had a 3- inch  inside  diameter .  A 7-inch  long  melted 
i n g o t  w a s  ob ta ined .   Af t e r   cu t t i ng   t he   ends  o f f ,  e a c h  i n g o t  
weighed 5000 grams. The i n g o t s  were machined t o  g i v e  a 
f l a w - f r e e  f i n i s h .  The i n g o t s  were p l a c e d  i n  a f u r n a c e  a t  
2102°F (115OOC) and soaked  for  one  hour ,  then  forged  in to  
one by 2- inch  bars .  The bars were r ehea ted  du r ing  fo rg ing  
when the  temperature   cooled  below 1832OF (1000°C). A f t e r  
f o r g i n g ,  t h e  b a r s  were 1 7  inches long and weighed 4500 grams 
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e x c e p t  f o r  a l l o y  1-B-S-1, which had developed cracks during 
forg ing .  The end of this bar w a s  c u t  o f f .  T h i s  b a r  w a s  11 
inches long and weighed 3300 grams. 
A 4- inch  length  of  each  bar  w a s  c u t  o f f  a n d  h e a t e d  i n  a n  
a r g o n - f i l l e d  re tor t  for  one  hour a t  1922OF (105OOC). The 
p i e c e s  were t h e n  h o t  r o l l e d  t o  150-mil- thick  s labs .  The 
slabs w e r e  r e h e a t e d  for  15 minutes  after each  pass .  A f t e r  
t h e  l as t  pass ,  t he  samples ,were  soaked  fo r  one  hour  a t  
1922OF (lO5O0C) then  a i r  cooled. The slabs w e r e  then  sand-  
b l a s t e d  to  remove the scale. Samples for magnet ic   sa tura-  
t ion measurements w e r e  machined from the hot-rol led slabs. 
The slabs w e r e  t h e n  c o l d - r o l l e d  t o  70 -mi l - th i ck  s t r ip s  and  
p i c k l e d  i n  h y d r o c h l o r i c  acid. Samples fo r   ha rdness   and  
c o e r c i v e  f o r c e  w e r e  t a k e n  f r o m  t h e s e  s t r i p s .  
7. Hot Hardness   and  Tensi le  Tests on  Samples From  Vacuum 
Induct ion  Mel ted  Ingots  
Hot hardness measurements were made a t  a p r e s s u r e  o f  2x10'5 
t o r r  u s i n g  a Vickers   pyramid  indenter .  The a p p l i e d  l o a d  w a s  
2.5 kG.  Samples w e r e  h e l d  a t  tempera ture   for   one   minute  
a f t e r  h e a t i n g  t o  t e m p e r a t u r e  w i t h i n  1 5  m i n u t e s .  
The tens i le  tests w e r e  performed on a hard-beam t e n s i l e  
tester a t  a s t r a i n  rate of 5 ~ 1 0 - ~  i n / i n / s e c  u s i n g  f l a t  sam- 
p l e s  w i t h  a gage length of  1-1 /4  inches and a c r o s s  s e c t i o n  
of 1/4 i nch  by 0 .050   inch .   Sens i t iv i ty  was estimated a t  
5 ~ 1 0 - ~  inches   s t r a in   and  500 p s i  stress. When measuring a t  
e leva ted  tempera tures ,  the  samples  were he ld  fo r  15  minu tes  
a t   e m p e r a t u r e .  T e s t  t i m e  w a s  about 1 0  minutes.  Annealing 
was done in   he l ium  o r   a rgon- f lushed  tube fu rnaces .  Aging 
was p e r f o r m e d  i n  s a l t  b a t h s  a s  d e s c r i b e d  p r e v i o u s l y .  
8. DC and AC Magnet ic   Proper t ies  
Tests were made on specimens of  the f inal  vacuum-induct ion 
m e l t e d  a l l o y s  t o  d e t e r m i n e  dc and ac p r o p e r t i e s .  
I n  o r d e r  t o  p r o d u c e  t h e  l a m i n a t i o n s  for the  magnet ic  t e s t  
r ings ,  70-mi l - th ick  shee t  was annea led  for  one  hour  a t  
1922OF (105OOC) i n  h e l i u m  a n d  t h e n  c r o s s  r o l l e d  t o  4 4 - m i l  
t h i ckness   t o   ob ta in   t he   r equ i r ed   3 -1 /2 - inch -wide   s t r ip .  A t  
t h i s  s t a g e  t h e  m a r t e n s i t i c  a l l o y  s t r i p s  were annealed a t  
1832OF ( l O O O ° C )  f o r   o n e   h o u r   i n  a helium  atmosphere. The 
4 4 - m i l  s t r i p s  were t h e n  s t r a i g h t - r o l l e d  i n  t h e  o r i g i n a l  r o l l -  
i n g  d i r e c t i o n  t o  a th i ckness   o f  26 m i l s .  The s t r i p s  were 
then annealed for  one hour  a t  2012OF ( l l O O ° C )  i n  he l ium and  
c o l d  r o l l e d  t o  t h e  f i n a l  t h i c k n e s s  o f  25 m i l s .  Rings  hav- 
ing  an  ou te r  d i ame te r  o f  t h ree  inches  and  an  inne r  d i ame te r  
of   2 .5   inches w e r e  punched   f rom  the   s t r ip .   Nine   r ings  from 
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m a r t e n s i t i c  a l l o y  1-A-S-2 were aged  three  hours  a t  1022OF 
(55OOC) i n   h e l i u m   b e f o r e   t e s t i n g .  Ten r ings punched from 
t h e  c o b a l t - b a s e  a l l o y  1-B-S-1 were annealed one hour a t  
2012OF ( l l O O ° C )  and  aged  one  hour a t  1382OF (75OOC) i n  
he l ium before  magnet ic  tes t ing .  
The lamina t ions  were s tacked and wound with Anadur2 insu- 
l a t e d   n i c k e l - c l a d  silver wire. The dc  and ac p r o p e r t i e s  
were determined according to  a mod i f i ed  t e s t ing  p rocedure  
s p e c i f i e d  i n  ASTM A341 and A343. 
Hardness w a s  measured as t h e  Vickers  hardness  number under 
a load   of  50 kG. The accuracy was two pe rcen t .  The coer -  
c i v e  f o r c e  w a s  measured i n  a Fors te r  "Koerz imeter"  as pre-  
v i o u s l y  o u t l i n e d  ( s e c t i o n  I I . B . 4 )  with  an  accuracy  of  two 
pe rcen t .  The e lec t r ic  r e s i s t i v i t y  w a s  measured  on s t r i p s  
about 2.5-mm wide, 0.5-mm t h i c k ,  and 150-mm long by t h e  
s tandard   four -b lade   res i s tance   method.  The tempera ture  w a s  
kep t   cons t an t  a t  77OF (25OC) w i t h i n  +0.18'F ( + 0 . l o C )  by 
means of a coolant loop and a h e a t e r a t t a c h e d - t o  a thermo- 
s t a t .  The a c c u r a c y   i n   d e t e r m i n i n g   s p e c i f i c   r e s i s t i v i t y  was 
two p e r c e n t ,  w i t h  t h e  l i m i t a t i o n  set by t h e  c r o s s  s e c t i o n  
measurements. 
C. RESULTS AND EVALUATION 
1. F e r r i t i c   A l l o v s  
a .  SCREENING O F  LEVITATION MELTED ALLOYS 
More t h a n  s i x t y  f e r r i t i c  a l l o y  c o m p o s i t i o n s  were mel ted  
and tested on the  screening  program. The nominal compo- 
s i t i ons ,  i n  we igh t  pe rcen t  and  a tomic  pe rcen t ,  are shown 
i n  t a b l e  11-6 .  A series o f   t e rna ry   a l loy   compos i t ions  
were melted and t e s t e d  t o  d e t e r m i n e  t h e  b e s t  c o m p o s i t i o n  
r ange  tha t  would provide a m a t r i x  w i t h  s a t i s f a c t o r y  mag- 
n e t i c  p r o p e r t i e s ,  good m e t a l l u r g i c a l  s t a b i l i t y  a n d  a d e -  
qua te   compos i t ion   fo r   s t r eng then ing .   Fe r r i t i c   A l loys  
1-A-11  t o  1-A-20 were f o r m u l a t e d   f o r   t h i s   p u r p o s e .  P r e -  
vious tests had  been made on t e r n a r y  a l l o y s  c o n t a i n i n g  
1 5  weight   percent   coba l t .   Al loys  1 - A - 1  t o  1-A-10 and 
1-A-26 t o  1-A-61 were fo rmula t ed  to  de t e rmine  the  s imple  
and complex addition-element combinations which would 
p r o d u c e  p r e c i p i t a t i o n  h a r d e n i n g  i n  t h e  f e r r i t i c  a l l o y s .  
From these  a l loys ,  the  approximate  composi t ion  range  
t h a t  would provide a s t ab le  a l loy  wi th  adequa te  magne t i c  
p rope r t i e s   and   s t r eng th ,   cou ld   be   s e l ec t ed .  The f e r r i t i c  
* Trade name of t h e  Anaconda Wire and Cable Company. 
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TABLE 11-6. Nominal  Composition of Martensitic  Alloys 
Used  in  the  Screening  Tests 
Alloy Nominal  Alloy  Composition 
Number (weight  percent) 
1-A-1 
1 -A  -2 
1-A-3 
1-A-4 
1-A-5 
1 -A -6 
1 -A  -6W 
1 -A -7 
1 -A -8 
1-A-9 
1-A-10 
1-A-11 
43Fe-12Ni-45Co 1 -A -20 
48Fe-12Ni-40Co 1-A-19 
53Fe-12Ni-35Co  1-A-18 
58Fe-12Ni-30Co 1-A-17 
63Fe-IZNi-25Co 1-A-16 
68Fe-12Ni-20Co  1-A-15 
73Fe-12Ni-15Co 1-A-14 
78Fe-12Ni-IOCo 1-A-13 
83Fe-12Ni-5Co 1-A-12 
88Fe-12Ni 
1 -A -26 
66Fe-12Ni-20Co-ZNb  1-A-29 
63Fe-12Ni-20Co-5Ta 1 -A -28 
63Fe-lZNi-20Co-5Mo 1 -A -27 
67Fe-12Ni-2OCo-lTi 
1-A-30 66Fe-12Ni-20Co-2W 
1-A-31 
1-A-32 
67.5Fe-12Ni-20Co-0.5Be 
" 
67.5Fe-12Ni-20Co-0.5Al 
Nominal Alloy Compoeition 
(atomic  percent) 
58.21Fe-15.10N1-25.08C0-1.61W 
59.69Fe-14.69Nl-24.38Co-1.24Nb 
59.05Fe-14.54Ni-24.14Co-2.23V 
59.12Fe-14.54N1-24.15Co-2.19Cr 
60.41Fe-14.49Ni-24.05Co-1.05A1 
53.53Fe-13.17Ni-21.86C0-11.44Be 
59.17Fe-14.19Ni-23.56Co-3.08Be 
59.87Fe-14.73N1-24.45Co-0.95Sb 
59.85Fe-14.73N1-24.45Co-0.97Sn 
58.03Fe-14.28N1-23.71Co-3.98Si 
59.19Fe-14.56Ni-24.18Co-2.07Mn 
88.52Fe-ll.48N1 
83.71Fe-ll.51Ni-4.78Co 
78.811Fe-11.54Ni-9.58Co 
74.02Fe-11.57Ni-14.41Co 
69.13Fe-11.60Ni-19.27Co 
64.21Fe-11.64Ni-24.  15Co 
59.27Fe-ll.67Ni-29.06Co 
54.31Fe-11.70Ni-33.99Co 
49.32Fe-11.73Ni-38.95Co 
44.30Fe-ll.76Ni-43.94Co 
68.01Fe-ll.58Ni-19.23Co-1.18Ti 
65.43Fe-ll.86Ni-19.69Co-3.02Mo 
66.37Fe-12.03Ni-19.97Co-1.63Ta 
67.65Fe-11.70Ni-19.42Co-1.23Nb 
68.06Fe-11.77Ni-19.54C0-0.63W 
66.85Fe-ll.31N1-18.77Co-3.MBe 
68.25Fe-11.54N1-19.16Co-1.05A1 
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TABLE 11-6. Nominal  Composition of Martensitic Alloys 
Used  in  the  Screening Tests  (Continued) 
Alloy 
Number 
1-A-21 
1-A-22 
1-A-23 
1 -A -24 
1 -A -25 
1-A-33 
1 -A-34 
1-A-35 
1-A-36 
1 -A -37 
1 -A -43 
1 - A  -44 
1-A-45 
1 - A  -46 
1 -A -47 
1 -A -48 
1 -A -49 
1-A-50 
1-A-51 
1-A-52 
1-A-53 
Nominal  Alloy  Composition 
(weight  percent) 
54.5Fe-15Ni-'!5Co-0.5Ti-5Mo 
54.5Fe-15Ni-25Co-0.5Ti-5Ta 
54.5Fe-15Ni-25Co-0.5Ti-2Mo-3Ta 
54Fe-15Ni-25Co-lNb-5Ta 
52.5Fe-15Ni-25Co-5Ta-2Si-O.5Be 
54.4Fe-15Ni-25C0-0.5Be-5Ta-O.lMn 
53.9Fe-15Ni-25Co-IW-5Ta-O.lMn 
54.4Fe-15Ni-25Co-0.5A1-5Ta-0. 1Mn 
53.9Fe-15Ni-25Co-0.5A1-0.5Ti-5Ta- 
0.1Mn 
53.9Fe-15Ni-25Co-0.5A1-0.5Ti-2Mo- 
3Ta -0.1Mn 
55Fe-15Ni-25Co-2Mo-3Ta 
53Fe-15Ni-25Co-ZCr-5Ta 
57.5Fe-15Ni-25Co-ZCr-0.5Be 
56Fe-15Ni-25Co-2Cr-2Si 
53Fe-15Ni-25Co-ZV-5Ta 
53Fe-15Ni-25Co-ZSi-5Ta 
56Fe-15Ni-25Co-ZSi-ZW 
57Fe-15Ni-25Co-lSi-ZV 
58Fe-15Ni-25Co-lSi-lTi 
56Fe-15Ni-25Co-2Mo-2W 
54.9Fe-15Ni-25Co-lSi-3Ta-O.5Al 
0.5Ti-0. 1Mn 
T Nominal  Alloy  Composition (atomic  percent) - ~ ... 
56.74Fe-14.87Ni-24.69C0-0.67Ti-3.03Mo 
57.61Fe-15.09Ni-25.05Co-0.62Ti-1.63Ta 
56Fe-15.22Ni-25.27Co-0.62Ti-l.24Mo- 
1.65Ta 
57.38Fe-15. 16Ni-25.18Co-0.64Nb-1.64Ta 
52.99Fe-14.40Ni-23.91Co-1.56Ta-4.01Si- 
3.13- 
56.03Fe-14.69Ni-24.4OCo-3. 19B-1.59Ta- 
0. lOMn 
57.46Fe-15.21Ni-25.25Co-0.32W-1.65Ta- 
0 .  llMn 
57.24Fe-15.01Ni-24.93Co-1.09A1-1.62'Ih- 
0.11Mn 
56.66Fe-15.00Ni-24.91Co-1.09A1-0.6lTi- 
1.62Ta-0. llMn 
56.34Fe-14.91Ni-24.76Co-1.08A1-0.61Ti- 
1.22Mo-0.97Ta-0. llMn 
.~ . - 
57.87Fe-15.01Ni-24.92Co-1.23Mo-0.97Ta 
56Fe-15.07Ni-25.03Cr-2.27Cr-1.63Ta 
57. 10Fe-14.  17Ni-23.52Co-2.  13Cr-3.08Be 
55.95Fe-14.26Ni-23.67Co-2. 15Cr-3.973 
55.96Fe-15.07Ni-25.02Co-2.32Cr-1.63Ta 
54.75Fe-14.79t-n-24.56Co-4. 12Si-1.60Ta 
56.82Fe-14.48N1-24.  O4C0-4.04Si-0.62W 
57.49Fe-14.39Ni-23.90Co-2.01Si-2.21V 
58.51Fe-14.40Ni-23.90Co-2.01Si-1.18Ti 
58.50Fe-14.90Ni-24.75Co-1.22Mo-0.63W 
56.31Fe-14.64Ni-24.3OCo-2.04Si-0.95Ta- 
1.06A1-0.60Ti-0. lOMn 
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TABLE 11-6. Nominal  Composition of Martensitic A l l o y s  
Used  in  the  Screening  Tests  (Concluded) 
Alloy 
Nun1 be r 
1-A-54 
1 -A -55 
1 - A  -56 
1-A-57 
1 -A -58 
1-A-59 
I-A-GO 
1 -A -38 
I-A-39 
I -A -40 
1-A-41 
1 -A-42 
1-A-61 
Nominal  Alloy  Composition 
(weight  percent) 
55.9Fe-lZNi-25Co-5Ta-2Si-O.lMn 
57Fe.-12Ni-2SCo-5Ta-o.  5Ti-0.5A1 
57Fe-12Ni-25Co-5Mo-0.5Ti-0.5Al 
56Fe-lZNi-25Co-5Ta-2W 
55.9Fe-12Ni-25Co-4Ta-2W-lSi-O.1Mn 
55.9Fe-12Ni-25Co-3Ta-2W-lSi-O.5AI- 
0. 5Ti-0. lMn 
55 9Fe-12Ni-25Co-4Ta-2Si-O.5AI- 
0.5Ti-0. 1Mn 
69.9Fe-25Co-5Ta-0. 1Mn 
66. 49Fe-5Ni-25Co-5Ta-0. 1Mn 
62Fe-5Ni-25Co-5Ta-3Mn 
66Fe-25Co-5Ta-4Mn 
59.9Fe-5Ni-25Co-5Cr-5Ta-0. 1Mn 
0 .  1Mn 
57.4Fe-5Ni-25Co-5Cr-5Ta-2Si-0.5AI- 
- ~~ ~ 
Nominal Alloy  Composition 
(atomic  percent) 
57.85Fe-ll.81Ni-24.51Co-1.60Ta-4.12Si- 
0 .  llMn 
59.84Fe-ll.98Ni-24.  86Co-1.62Ta-0.61Ti- 
1.09AI 
59.OFe-11.81Ni-24.51Co-3.01Mo-0.60Ti- 
1.07A1 
60.06Fe-12.24Ni-25.40Co-1.65Ta-0.65W 
58.89Fe-12.03Ni-24.95Co-1.30Ta-0.64W- 
2.09Si-O.1OMn 
58.07Fe-11.86Ni-24.61Co-0.96Ta-0.63W- 
2.07Si-1.08A1-0.61Ti-0. llMn 
57. lFe-ll.66Ni-24.18C0-1.26Ta-4.05Si 
1.05Al-O.60Ti-0. lOMn 
~- .~ 
73.30Fe-24.88Co-1.62Ta-0. llMn 
68.32Fe-5,OlNi-24.9420-1.62Ta-0. llivfn 
65.24Fe-5.01Ni-24.92Co-1.62Ta-3.21Mn 
69.26Fe-24.86Co-1.62Ta-4.26Mn 
62.81Fe-4.99Ni-24.84Co-5.63Cr-1.62Ta- 
0.11Mn 
4.06Si-1.06A1-0. lOMn 
58.64Fe-4.86Ni-24.21Co-5.49Cr-1.58Ta- 
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a l l o y  series 1-A-V-1 t o  1-A-V-6, shown i n  t a b l e  11-7 w a s  
fo rmula t ed   f rom  th i s   s c reen ing   eva lua t ion .   Add i t iona l  
mechanical and magnetic tests and  ana lyses  provided  da ta  
for t h e  s e l e c t i o n  o f  t h e  f i n a l  ferri t ic a l l o y s  1-A-S-1 
and 1-A-S-2 shown i n  table 11-8. 
The t r ans fo rma t ion  t empera tu res  o f  t he  fe r r i t i c  a l l o y s ,  
shown i n  t a b l e  11-9 ,  i n d i c a t e s  t h a t  n i c k e l  r e d u c e s  t h e  
t r ans fo rma t ion  t empera tu re  (no te  1-A-48 v e r s u s  1-A-54). 
The a d d i t i o n  of c o b a l t  i n c r e a s e s  t h e  t r a n s f o r m a t i o n  
temperature  (see 1-A-11 t o  1-A-20); however, i f  t h e  
c o b a l t  c o n t e n t  becomes t o o  l a r g e  t h e  t r a n s f o r m a t i o n  
tempera ture   decreases   aga in .   In  t h e  Fe-12Ni system 
a n  a d d i t i o n  o f  - 3 0  w e i g h t  p e r c e n t  c o b a l t  r e s u l t s  i n  
t h e  h ighes t  t ransformat ion   tempera ture .  I t  may be 
noted  t h a t  t he  a d d i t i o n  of C r  and Mn sharp ly  reduce  
the t ransformat ion  tempera ture  of  the  Fe-Co-Ni a l l o y  
( a l l o y s  1-A-4 and 1 - A - l o ) ,  e x h i b i t i n g  the same i n f l u -  
ence  a s  C r  and Mn have on the p h a s e  t r a n s f o r m a t i o n  i n  
i r o n .  I n  n e a r l y  a l l  cases of  t h e  a l l o y s ,  shown i n  
table  11-9 ,  t h e  t r a n s f o r m a t i o n  d u r i n g  c o o l i n g  s t a r t e d  
a t  temperatures below 932'F (5OO0C) ,  which i n d i c a t e s  
t h a t  the  t ransformat ion  must  be  of the m a r t e n s i t i c  
type  s ince  d i f fus ion  processes  can  p lay  only  minor  
r o l e s  w i t h i n  the time per iods  involved  dur ing  cool ing .  
To determine t h e  hardening  response  of  a l loys  to  which  
t h e  v a r i o u s  e l emen t s  and combinations of elements were 
added ,  i sochronal  ag ing  w a s  performed as d e s c r i b e d  i n  
Sec t ion  I I . B . 4 .  V i c k e r s  pyramid  hardness  and  coercive 
f o r c e  were determined a t  room tempera ture  a f te r  each 
one-hour  ag ing  in te rva l  a t  t e m p e r a t u r e s  t o  1202OF 
(65OOC). 
Data obtained from the  i sochrona l  t r ea tmen t  of a number 
o f  r e p r e s e n t a t i v e  a l l o y s  a r e  p l o t t e d  i n  f i g u r e  11-7.  
The data  f rom 15% nicke l  maraging  are p l o t t e d  f o r  com- 
pa r i son .  The maximum values   o f  room temperature   hard-  
nes s ,  which were measured during this  aging sequence,  
are l isted i n  t a b l e  11-10 f o r  t h e  m a r t e n s i t i c  a l l o y s ,  
t o g e t h e r  w i t h  aging temperature where maximum hardness  
was obtained.  The room tempera tu re   coe rc iv i ty  i s  
l isted f o r  the same aging  temperature .  The a d d i t i o n  
of T i ,  Mo, W ,  N b ,  Ta,  and B e  had a s t r o n g  e f f e c t  on 
age hardening when added i n  s u f f i c i e n t  q u a n t i t y  s i n g l y  
o r  i n  c o m b i n a t i o n  t o  t h e  matr ix   composi t ion.  I t  should 
a l s o  b e  n o t e d  t h a t  the  a d d i t i o n  of e i ther  combination 
of S i + C r  ( a l l o y  1 - A - 4 6 )  o r  S i + V  ( a l l o y  1-A-50) gave a 
s t rong  ha rden ing  effect  while no such response w a s  
ob ta ined  when the elements  were added s i n g l y  ( a l l o y s  
1-A-3, 1-A-4 ,  and 1-A-9 ) . 
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TABLE 11-7. Composition of 300-Gram V a c u u m   A r c  Melted 
Martensitic Alloys 1-A-V-1 to 1-A-V-6 
(a) Nominal Composition (weight percent) - 
c o  * "" .. Alloy Nurnber 
I-A-V-1 
1-A-V-2 
1-A-V-3  57.5 
1-A-V-4  51 
30 
20 
25 
30 
12  3 .5  
15 3 
(b) Analyzed Corn1 sition  (weight  percent) IO -
Ta 
4.50 
3.56 
4.06 
3.48 
3 .48  
3.56 - 
- 
Ti 
0.49 
0 .53  
0 .  52 
0. 52 
0.54 
0.49 
- 
Fe 
47 .4  
65.5 
57.2 
52.2 
48.6 
59 .8  - 
-
c o  
29.2 
20 .1  
25.0 
29.4 
29.8 
25.7 - 
-
Ni 
14.6 
9 .57  
11 .4  
14 .8  
14.5 
4.66 - 
- 
AI 
0.56 
0.63 
0 .61  
0.64 
0.62 
0 .64  - 
- 
W 
2. 15 
( 0 . 2  
1.00 
<o. 2 
2 .10  
1.  18 - 
Alloy 
Nun1 be r 
1-A-v-1 
1-A-V-2 
1-A-V-3 
1-A-V-4 
1-A-V-5 
1-A-V-6 
C c u  Cr  
- 
- 
- 
5.19  
0.005 
0.020 
0.005 
0.006 
0.005 
0.058 
0.0057 
0.0034 
0.0028 
0.0029 
0.0032 
0.015 
(c) Analyzed Composition (atomic percent) - 
Ta 
1.48 
1. 14 
1 .31  
1.12 
1. 14 
1. 14 - 
~~ 
Alloy 
Number  Fe Ti 
0 . 6 1  
0.64 
0.64 
0.66 
0.67 
0.59 - 
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1.35 I - 1-A-V-2 
1-A-V-3 
1-A-V-4 
1-A-V-5 b a l  
1-A-V-6 
TABLE 11-8.  Composition of F i n a l  M a r t e n s i t i c  A l l o y s  Vacuum 
Induct ion  Melted as 15-Pound I n g o t s  
(a )  Nomina l  Compos i t ion  (we igh t  pe rcen t )  
"""I_.- 
Alloy 
_".-.r."..~,-<." 
Num ber 
- 0,001 - 0.003 0.4  0 .4  3 1 30 12 53.2 1-A-S-2 
- 0.001 - 0,003 0.4 0 . 3  3 1 30 15 50.3 I-A-S-1 
C B Be Z r  Ti A1 Ta w c o  Ni Fe 
(b) Ana lyzed  Compos i t ion  (weight p e r c e n t )  
(c) Ana lyzed  Compos i t ion  ( a tnmic  pe rcen t )  
Alloy 
Number  
. -  - 0.50 0.82 0.95 0 .30  29.23 12. 14 bal 1-A-S-2 
- 0.51 0.59 0.94  0.29 28.89 15.25 hl 1-A-S-1  
C  B Be Z r  Ti AI Ta w co Ni Fe  
A f t e r  comple t ion  o f  i soch rona l  ag ing ,  t he  a l loy  samples 
t h a t  i n d i c a t e d  a hardening response were homogenized by 
a double  hea t  t rea tment  as i n d i c a t e d  i n  f i g u r e  11-4 .  
The samples were then  subjected t o  i s o t h e r m a l  a g i n g  a t  
1 0 2 2 ° F  ( 5 5 0 ° C )  f o r   v a r i o u s  times up t o  1 0 0  hours.  The 
room temperature  hardness  and coercive f o r c e  were meas- 
u r e d   a f t e r   c e r t a i n   a g i n g   p e r i o d s .   T y p i c a l   c u r v e s  ob- 
t a i n e d  by p l o t t i n g  t h e s e  d a t a  are shown i n  f i g u r e  11-8. 
Genera l ly ,  the  hardness  curve  passes  a maximum and the  
coerc ive  force  curve  passes  a minimum d u r i n g  t h e  100- 
hour  aging per iod.  
The measured values of hardness and coercive force of 
t h e  f e r r i t i c  a l l o y s  a f t e r  1 0 0  hours  aging a t  1 0 2 2 ° F  
( 5 5 0 ° C )  a r e   a l s o  shown i n   t a b l e  11-10.  The change i n  
hardness from the maximum va lues  ob ta ined  du r ing  the  
100-hour  aging a t  1022OF ( 5 5 0 " C )  and t h e  v a l u e s  a f t e r  
100-hour aging is also given,  expressed as a percent -  
age of t h e  maximum. 
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TABLE 11-9. Transformation  Temperature of the Martensitic Alloys 
T Transformation On Coo!ir,g I Y - a  i Transformation On Heating 1. 8 to 
1087 - 1450 
1193 - 15421 
I 
1112 - 1530i 
1065 - 1472 
1164 - 1515 
1447 - 1630 
1175 - 1490 
1195 - 1503 
1058 - 1450/ 
1143 - 1261 
1207 - 1384 I 
1207 - 14631 
1243 - 1521 
1175 - 1560 
1193 - 1585 
1249 - 1582 
1227 - 1594 
1157 - 1618 
1130 - 1594 
Nominal Alloy Composition 
(weight percent) 
5O"CIMin 
("C) 
400 - 300 
491 - 350 
470 - 359 
90-F/Min 
(OF) 
1425 - 1551 
1472 - 1634 
1472 - 1603 
1450 - 1587 
1521 - 1652 
1548 - 1666 
1515 - 1634 
1456 - 1594 
1434 - 1612 
1472 - 1618 
1240 - 1328 
1323 - 1386 
1386 - 1441 
1453 - 1530 
1494 - 1573 
1551 - 1639 
1515 - 1634 
1481 - 1625 
1472 - 1625 
1463 - 1643 
Allov 
Number 
1-A- 1
1-A-2 
1-A-3 
1-A-4 
1-A-5 
1-A-6 
1-A-7 
1-A-8 
1-A-9 
1-A-IO 
I 721 - 554  383 - 290 
! 891 - 680 477 - 360 1 
! i 948 - 783  509 - 417 
174 - 844 
800 - 890 
800 - 873 
788 - 864 
827 - 900 
842 - 908 
824 - 890 
791 - 868 
779 - 878 
800 - 881 
671 - 720 
717 - 752 
752 - 783 
793 - 832 
811 - 856 
844 - 893 
824 - 890 
805 - 885 
800 - 885 
795 - 895 
586 - 788 
645 - 839 
600 - 832 
574 - 800 
629 - 824 
786 - 888 
635 - 810 
600 - 824 
646 - 817 
570 - 788 
617 - 683 
653 - 751 
653 - 795 
676 - 827 
635 - 849 
645 - 863 
676 - 861 
664 - 868 
625 - 881 
610 - 1168 
752 - 572 
916 - 662 
878 - 678 
828 - 628 
986 - 781 
1326 - 1207 
846 - 631 
932 - 709 
815 - 572 
786 - 545 
657 - 829 
952 - 779 
984 - 815 
1089 - 914 
1157 - 972 
1173 - 984 
1177 - 975 
1130 - 952 
1107 - 921 
1085 - 905 
442 - 331 863 - 680  462 - 360 
I L 
530 - 416 I 1033 - 839  556 - 448 
719 - 653 I 1517 - 1265 ' 825 - 685 1 ! i 1 
I i 
500 - 376 i 966 - 752 :, 519 - 400 : 
452 - 333 I 903 - 729 ' 485 - 387 . 
i 
I f 
I 
I 
435 - 300 , 855 - 660 457 - 354 '. 
1 
842 - 610 ~ 450 - 321 '; 419 - 285 
347 - 443 
511 - 415 
529 - 435 
587 - 490 
625 - 522 
634 - 529 
636 - 524 
610 - 511 
597 - 494 
585 - 485 
984 - 721 529 - 383 
943 - 778 50t - 415 i i 
1-A-11 
1-A-12 
1-A-13 
1-A-14 
1-A-15 
1-A-16 
1-A-I7 
1-A-18 
1-A-I9 
1-A-20 
88Fe- 12Ni 
83Fe-12Ni-5Co 
78Fe-12Ni-lOCo 
73Fe-12Ni-lXo 
68Fe- l2Ni-?OCo 
63Fe- 12Ni-25Co 
58Fe-12Ni-30Co 
53Fe-12Ni-35Co 
48Fe-lZNi-40Co 
43Fe-12Ni-45Co 
997 - 826 
1072 - 896 
1143 - 1006 
1170 - 922 
1182 - 945 
1155 - 1009 
1173 - 993 
1107 - 968 
538 - 411 
5'rb - 480 
617 - 541 
632 - 500 
639 - 508 
624 - 543 
634 - 534 
597 - 520 
TABLE 11-9. Transformation  Temperature of the  Martensitic Alloys (Continued) 
W 
QI 
Transfornlatlon On Heati%r 
t C Y  
1.8 to 
Xuniber (weight  percent) , ( 'F)  (.C) ( F) 
1-.4-21 I 54.5Fe-15Ni-25Co-0.5Ti-5Mo 11391 - 1569 755 - 854 1148 - 1508 
Allnv ' h ' r m l n a l  Alloy Cc~n~yt~s~tlnn 190 F Min 50 C M m  3. 6 F. Mi.1 
I 
I 
1-A-24 I 34Fe-IjS1-25Cn-lNI)-5Tn 
1-A-25 ~ 52.5Fe-15~1-25Cu-O.jBe-5Ta-?S1 
I-A-26 67Fe-12Ni-20Co-ITi I 
1-A-27 
1-A-28 
1-A-29 
1-A-30 
1-A-31 
1-A-32 
1-A-33 
I-A-34 
l - . A - 3 5  
I-A-36 
1-A-37 
I-A-J8 
I-A-39 
c 
63Fe-lZNi-2OCr1-5Mo 
63Fe-lZNi-ZOCo-5Ta 
66Fe-lZNi-ZOCo-ZNb 
66Fe-  12Ni-20Co-2W 
67.5Fe-12Ni-20Co-0.5Be 
67.  5Fe-12N1-20Co-0.  5A1 
54.4Fe-15Ni-25Co-0.5Be-5Ta-0.1" 
53.9Fe-I5h'i-25C~i-I~~-~Ta-O.lRln 
5 4 . 4 f . t . - l j N 1 - 2 j C ~ - u . 5 ~ - 5 T a - O . I M n  
53.9Fe-15Ni-25Co-0.5Al-0.5Ti- 
5Ta-0. 1Mn 
2510-3Ta-0. I M J I  
53.9te-15Ni-25Co-0.5AI-O.STi- 
69.9Fe-25Co-STa-0. 1Mn 
64.9F'e-5Ni-25Co-5Ta-0. 1Mn 
1-A-40 ' 62Fe-5Ki-25Co-3Mn-5Ta 
I-A-41 i 66Fe-25Co-4Mn-5Ta 
I-A-42 i ~ . d F t - i S I - 2 ~ C c , - j C r - S T a - O .  ~ M I I  
I 
1438 - 1603  '781 - 8 7 1  1249 - 1530 
,472 - 1582 ! tI00 - H61 
! 
1454 - 1609 ~ 
I 
1425 - 1560 
(494 - 1612 
1490 - 1369 
1472 - 1533 
1494 - 1585 
1483 - 15GO 
-___ 
1472 - 1617 
1566 - 1668 
1485 - 1607 
790 - 876 
774 - 849 
812 - 878 
810 - 854 
800 - 834 
812 - 963 
806 - 8.13 
800 - 881 
852 - 909 
807 - 87i 
1485 - 1600  1807 - X71 
1438 - 1593 781 - 867 I 
1764 - 1780  962 - 971 
1659 - 1740  904 - 949 
1584 - 1706  862 - 930 
1622 - 1735  884 - 946 
1530 - 1681  1832 - 811; 
12713 - 1508 
I317 - 1569 
1233 - 1501 
1310 - 1573 
1330 - 1585 
1224 - li42 
1 C hlin 
1 to 
( C) 
620 - 820 
672 - 844 
662 - 849 
fi7F - 832 
691 - 820 
714 - 854 
667 - 816 
710 - 856 
721 - 863 
662 - 839 
1256 - 1553 680 - 845 
1740 - 1764 949 - 3ti2 
1517 - ! ? I 7  825 - 936 
1292 - 1645 700 - 896 
1416 - 1699  769 - 926 
1222 - 1589  661 - 865 
I 
1' 
I 
1 
" 
Transformation  On  Cooling 
? 
90 F 'Mill 
( F) 
503 - 324 
775 - 480 
730 - 435 
i63 - 532 
682 - 471 
006 - 829 
788 - 555 
975 - 770 
968 - 795 
029 - 829 
984 - til7 
126 - 955 
720 - 509 
721 - 487 
7Xti - 527 
748 - 175 
671 - 369 
587 - 1521 
227 - 1072 
053 - 837 
231 - 1053 
833 - 640 
io C ;Mln 
( :,c ) 
I17 - 162 
113 - 249 
388 - 224 
10b - 278 
361 - 244 
541 - 443 
420 - 263 
524 - 410 
520 - 424 
554 - 443 
529 - 436 
608 - 513 
~~ 
383 - 265 
383 - 253 
419 - 275 
398 - 24fi 
355 - 187 
864 - 827 
664 - 578 
567 - 447 
666 - 567 
445 - 338 
- 
1 
1 
1 
" 
1 
1 
9 F.iMin 
( F) 
597 - 356 
775 - 572 
718 - 496 
783 - 635 
752 - 514 
026 - 880 
768 - 451 
981 - 813 
984 - 820 
855 - 788 
036 - 901 
159 - 1038 
186 - 545 
774 - 597 
799 - 667 
748 - 536 
673 - 430 
1726 - 171: 
1351 - 121E 
1155 - 972 
1330 - 116t 
937 - 752 
1 
5 CIMin 
('C) 
14 - 180 
.13 - 300 
881 - 258 
117 - 335 
100 - 268 
i52 - 471 
109 - 283 
i27 - 434 
529 - 438 
557 - 420 
558 - 483 
526 - 559 
419 - 285 
412 - 314 
426 - 353 
398 - 280 
356 - 221 
941 - 934 
733 - 659 
624 - 522 
721 - 630 
503 - 400 
TABLE 11-9. Transformation  Temperature of the  Martensitic Alloys (Concluded) 
r - 
Alloy 
Number 
1-A-43 
I-A-44 
1-A-45 
I-A-46 
1-A-47 
1-A-48 
1-A-49 
1-A-50 
I-A-51 
1-A-52 
I-A-53 
I-A-54 
1-A-55 
1-A-56 
I-A-57 
I-A-58 
I-A-59 
1-A-60 
1-A-61 - 
Transformation On Cooling 
i 
-7 2 d 
1 
I 
Transformation On Heating 
0 "I r Nominal Alloy Composition i 90°F/Min i 50T,"in (weight  percent) ( O F )  ("C) L 
712 - 475 1 378 - 246  747 - 518 ~ 397 - 270 ? 
622 - 306 j 328 - 152  622 - 392 ' 328 - 200 ; 
675 - 448  357 - 231 i 622 - 378  328 - 192 a 
619 - 345  326 - 174  649 - 351 
E 
I 
1' ' 
693 - 369  367 - 187 i 705 - 470 I 
55Fe-15Ni-25Co-2Mo-3Ta i 1411 - 1578i  766 - 859 661 - 835 
600 - 807 
576 - 759 
560 - 771 
661 - 820 
685 - 827 
659 -' 800 
725 - 815 
709 - 820 
635 - 800 
682 - 845 
710 - 874 
750 - 894 
667 - 844 
700 - 881 
672 - 882 
705 - 872 
706 - 871 
660 - 864 
1222 - 1535 
1112 - 1465 
1069 - 1358 
1041 - 1420 
1222 - 1508 
1265 - 1521 
1218 - ,1472 
1337 - 1499 
1308 - 16i5 
1175 - 1472 
1260 - 1553 
1310 - 1605 
1382 - 1641 
1233 - 1551 
1292 - 1617 
1242 - 162C 
1301 - 1602 
1303 - 1600 
1220 - 1587 
53Fe-15Ni-25Co-ZCr-5Ta 
57.5Fe-15Ni-25Co-2Cr-0.5Be i 1521 - 1652 
56Fe-15N1-25Co-2Cr-2Si ' 1490 - 1609 
53Fe-15Ni-25Co-2V-5Ta : 1551 - 1652 
i 
I 1425 - 
I 
174 - 862 
827 - 900 
B10 - 876 
844 - 900 
854 - 900 
817 - 900 
793 - 900 
831 - 900 
762 - 830 
857 - 915 
854 - 929 
869 - 914 
816 - 900 
835 - 910 
825 - 900 
862 - 916 
839 - 910 
851 - 924 
I 
1569 - 1652 
1503 - 1652 
1459 - 1652 
1528 - 1652 
1404 - 1526 
53Fe-15Ni-25Co-2Si-5Ta 
56Fe-15Ni-25Co-ZSi-ZW 
57Fe-15Ni-25Co-lSi-2V 
58Fe-15Ni-25Co-lSi-ITi 
56Fe-15Ni-25Co-ZMo-ZW 
54.9Fe-15Ni-25Co-3Ta-lSi-0.5Al-0.5Ti- 
0.1Mn 
55.9Fe-12Ni-25Co-5Ta-2Si-0. 1Mn 
57Fe-12Ni-25Co-5Ta-0.5Ti-0.5Al 
57Fe-12Ni-25Co-5Mo-0.5Ti-0.5A.I 
56Fe-lZNi-25C0-5Ta-2W 
55.9Fe-12Ni-25Co-4Ta-2W-lSi-O.lMn 
55.9Fe-12Ni-25C0-3Ta-2W-lSi-0.5Al- 
0. 5Ti-0. 1Mn 
55.9Fe-12Ni-25Co-4Ta-2Si-0.5A1-0.5Ti- 
0.1Mn 
57.4Fe-5Ni-25Co-5Cr-5Ta-O.5Al-O.lMn- 
2Si 
W 
4 
837 - 572  447 - 300 ' 894 - 799 479 - 376 ' 
395 - 300 ! 
414 - 300 j 
i 
462 - 378 
517 - 419 ,; 
398 - 263 . i 
492 - 414 ! 
482 - 381 
466 - 354 
475 - 376 
426 - 300 
383 - 292 I 743 - 572 
I 
400 - 255 ' 777 - 572 
I" 
I 
! 
721 - 558 
752 - 491 
811 - 631 
905 - 684 
705 - 419 
815 - 644 
809 - 637 
802 - 585 
820 - 628 
727 - 549 
I 
" 
1575 - 1679 
1569 - 1704 
1596 - 1677 
1501 - 1652 
1535 - 1670 
1517 - 1652 
1584 - 1681 
1542 - 1670 
1564 - 1695 
433 - 333 
485 - 362 
374 - 215 
435 - 340 
432 - 336 
428 - 307 
438 - 331 
386 - 287 
900 - 712 
963 - 786 
730 - 505 
918 - 777 
900 - 718 
071 - 969 
aa7 - 709 
799 - 572 
I I I 
AGING  TEMPERATURE ( OF) 
Z 
5 
4 
X 
800, , ;, , ;, , a, , 8110 1000 1200 1400 I 
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FIGURE  11-7.  Hardness  and  Coercive  Force  of  Representative  Ferritic  Alloys 
and 15% Ni  Maraging  Steel  at  Room  Temperature  after  Aging  One 
Hovr  at  Temperature 
The r e s u l t s  i n d i c a t e d  t h a t  a l l  of t h e  t e s t e d  a l l o y s  ex- 
h i b i t e d   o v e r a g i n g  a t  1022OF ( 5 5 O O C ) .  However, t h e  de- 
gree v a r i e d  among t h e  a l l o y s .  The c o e r c i v e   f o r c e  be- 
haved i n  a manner similar t o   t h a t  shown i n  t h e  15 per- 
c e n t  o r  1 8  pe rcen t  n i cke l  marag ing  steels ( r e f s .  11-19 
and  11-20]. The i n c r e a s e  i n  c o e r c i v e  force, a f te r  ex- 
t e n d e d  a g i n g  i n  t h e  e x p e r i m e n t a l  a l l o y s ,  w a s  substan-  
t i a l l y  less t h a n  t h a t  of t h e  commercial maraging steels. 
I n  g e n e r a l ,  t h e  s t r o n g  i n f l u e n c e  of i n c r e a s i n g  cobalt 
conten t   on   overaging  w a s  no ted .   Al loys   conta in ing  Ta ,  
W, o r  Nb showed less tendency t o  ove rage  than  a l loys  
c o n t a i n i n g  T i  o r  Mo when a s imilar  hardness  w a s  a t t a i n e d  
i n  e a c h  case. Al loys   con ta in ing  a s u i t a b l e  combina- 
t i o n  of Ta+Al+Ti  showed a small degree of  overaging.  
Resu l t s  o f  t he  sa tu ra t ion  measu remen t s  on  fe r r i t i c  al- 
loys combining addi t ion elements  are shown i n  t a b l e  
11-11. The method o f  t e s t i n g  was d e s c r i b e d  i n  s e c t i o n  
1 I . B .  2 .  The a l l o y s  c o n t a i n i n g  m o d i f i e r  a d d i t i o n s  w e r e  
f irst  measured i n  a cond i t ion  where no p r e c i p i t a t i o n  
had  occurred.  Samples f r o m  t h e  l e v i t a t i o n  melts were 
measured i n  t h e  a s -cas t  cond i t ion .  
The room t e m p e r a t u r e  m a g n e t i c  s a t u r a t i o n  d i f f e r e d  i n  
only  a f e w  cases   before   and  a f t e r  aging.  The s a t u r a -  
t i o n  test  r e s u l t s ,  shown i n  f i g u r e  11-9 ,  for t h e  
t e r n a r y  a l l o y s  (1 -A-11  t o  1-A-20)  ind ica te   agreement  
w i t h  t h e  w e l l  known behavior  of  the  b inary  a l loys  where  
t h e  i n c r e a s e  i n  c o b a l t  c o n t e n t  t o  a c e r t a i n  l e v e l  i n -  
creases t h e  m a g n e t i c  s a t u r a t i o n  e s p e c i a l l y  a t  elevated 
tempera tures .   In  t h e  t e r n a r y   a l l o y s   c o n t a i n i n g  1 2  
w e i g h t  p e r c e n t  n i c k e l ,  t h e  maximum magne t i c  s a tu ra t ion  
a t  1112OF (6OOOC) w a s  ob ta ined  when t h e  c o b a l t  c o n t e n t  
was n e a r  35 weight   percent .  However, t h e  i n f l u e n c e  of 
c o b a l t  on  magnet ic  sa tura t ion  i s  less between 20 and 
4 5  weight  percent  than  a t  levels  between 0 and 20  per-  
cen t .  A l l  o f  t h e  a l l o y i n g  a d d i t i o n s  shown i n  table II- 
11 reduced  the  magne t i c  s a tu ra t ion  a t  room and  e l eva ted  
tempera tures .  However, t h e   i n f l u e n c e   o f  T i  and B e  are 
q u i t e  low. On the   o the r   hand ,  Mo, C r ,  and Mn a p p e a r  t o  
have a marked e f f e c t  i n  r e d u c i n g  t h e  m a g n e t i c  s a t u r a -  
t i o n  a t  e l eva ted  t empera tu re ,  wh i l e  t he  dep res s ing  ef- 
fect  of S i ,  W, o r  V i s  less seve re  though  no t i ceab le  
when t h e  a l l o y i n g  a d d i t i o n  i s  expres sed  in  we igh t  pe r -  
cen t .  
A comparison w a s  made of t h e  inf luence  of  the  modi fy-  
ing elements  based on a tomic  percent  on  the  room t e m -  
p e r a t u r e  m a g n e t i c  s a t u r a t i o n  o f  s a m p l e s  i n  t h e  a n n e a l e d  
condi t ion .  T a b l e  11-12 shows t h e   c h a n g e   i n   s a t u r a t i o n  
39 
TABLE 11-10. Results of Isochronal  and  Isothermal  Aging  Tests on 
Levitation-Melted  Martensitic  Alloys 
Isochronal Tests Isothermal  Tests 
(After 100 Hours a t  1022°F (550-C) 
Room 
Room Temperature 
Temperature  Co rcivity 
Hardness 
:emperatwe 
at which 
Aging 
Temperature 
Room 
at  Maximum 
Coercivity 
Hardness 
(e) 
Maxlmum 
Room 
'emperature 
? a r d n e s ~ ( ~ )  
(VHNnl) Number 
Alloy Nominal Alloy Composition 
(weight percent) 
was o 
( " 0  
-
- 
1022 
- 
1022 
932 
932 
932 
1022 
1022 
932 
932 
842 
1022 
1022 
1022 
1022 
1112 
932 
1022 
932 
1022 
1022 
932 
- 
- 
- 
550 
- 
550 
500 
500 
500 
550 
550 
500 
'or Cornparisor; 
tee1 
5'; NI Maraginl 1 .  lFe-15Ni-8Co-4.5Mo-0.7AI-0.7Ti 607 17.5 539 
L M I O ( ~ )  
1-A-1 
1-A-2 
1-A-3 
1-A-4 
1-A-5 
1-A-6W 
1-A-7 
1-A-8 
1-A-10 
1-A-9 
632 
6 10 
558 
390 
39 1 
412 
717 
29 
33.5 
27.4 
18.3 
20.1 
14.7 
19.1 
557 
494 
511 
36 3 
351 
451 
21.0 
21.0 
150 
20.0 
15 
22 
.ittle, no test 
.ittle, no test 
21 
36. 7 23 
43.2 
37.8 10 
34.1 
11 
11 
rittle, no test 
46.0 
57.0 
rittle. no test I 24.2 16.3 f 450 500 550 550 550 550 600 500 550 500 550 550 500 - - 468 482 I 502 629 54 1 354 538 639 337 26.0 18.0 24 20.5 21.5 16 11.0 413 488 452 425 372 1-A-26 1-A-27 I 67Fe-12N1-20Co-lTi 63Fe-12Ni-20Co-5Mo 1-A-28 63Fe-12Ni-ZOCo-5Ta 1 -A -29 1 -A -30 66Fe-12Ni-20Co-ZNb 1-A-31 66Fe-12Ni-ZOCo-ZW 61.5Fe-12Ni-20Co-0.5Be 1-A-32 61.5Fe-12Ni-20Co-0. 5Al 1-A-22 1-A-21 54.5Fe-15N1-25Co-0.5Ti-5Mo 54.5Fe-15Ni-25Co-0.5Ti-5Ta 1-A-23 b4.5Fe-15M-25Co-0.5Ti-2Mo-3Ta 1-A-24 
1-A-25 1 54Fe-15Ni-25Co-lNb-5Ta 52.5Fe-15Ni-25C0-0.5Be-STa-2Si 
684 
682 
664 
649 
29.3 
30.1 
30.0 
36.0 
I 553 
598 
577 
533 
67 3 
6 17 
646 
i1 
34.0 ; 696 
32.0 688 
I 
brittle, note b~ I 44.5 31.0 31.0 1-A-34 1-A-33 54.4Fe-15Ni-25C0-0.5Be-STa-O.lMn 53.9Fe-15Ni-25Co-1W-5Ta-0. 1Mn 1-A-35 1-A-36 54.4Fe-15N1-25Co-0.5A1-5Ta-0. 1Mn 53.9Fe-15Ni-25Co-0.5Al-0. 5Ti-5Ta- 0.1Mn 1-A-31 53.9Fe-15N1-25Co-0.5A1-0.5Ti-2Mo- 3Ta-0.1Mn 1022 I 550 I 687 1022  550  614 
(a) Alloy L M l O  was melted and tested  on a previous Westinghouse program. 
(c) The  total  aging time that a isochronal aging specimen  encountered  during a test  may  be 
(b) VHN hardness obtained using a load of 50 kilograms  (see  Sectlon 11. B. 4). 
determined by adding one  hour aging time for each 90°F (50°C) increment  in  temperature 
starting at 842°F (450°C); e. g., for 550°C total aging time is three  hours. 
(d) 1 VHN, the change in hardness during aging at 1022'F  (55OOC) or VHN1 VHN VHNl loo x loo' 
TABLE  11-10.  Results of Isochronal  and  Isothermal  Aging  Tests on 
Levitation-Melted  Martensitic Alloys (Continued) 
Aging 
' Temperature 
31 which 
I Maxlmum 
Alloy Nommal Plloy Composltlon m s  obtalned 
j Hardness(c) 
Number  (welght percent "7- 
I 
I I 
Isochronal  Tests Isothermal  Tests 
(After 100 Hours  at  1022°F  (550°C) 
Tor  Comparison ' I  
I-A-43 
1-A-44 
1-A-45 
I-A-46 
1-A-47 
1-A-48 
1-A-49 
1-A-50 
1-A-51 
1-A-52 
1-A-53 
I 
:55Fe-15Ni-25Co-ZM0-3Ta 
53Fe-15Ni-25Co-ZCr-5Ta 
,56Fe-15Ni-25Co-ZCr-ZS1 
57.5Fe-15Ni-25Co-ZCr-0.5Be 
53Fe-15Ni-25Co-ZV-5Ta 
53Fe-15Ni-25Co-ZS1-5Ta 
56Fe-15Ni-25Co-2S1-2W 
57Fe-15Ni-25Co-lS1-2V 
58Fe-15Ni-25Co-IS1-1T1 
56Fe-15Ni-25Co-ZMo-ZW 
0. 5T1-0.1Mn 
54.9Fe-15Ni-25Co-1Si-3Ta-0. 
i 
5% Ni Marag~ng~71.lFe-15N1-8Co-4.5Mo-0.7A1-0.7Ti 1 1022 ~ 550 
tee1 L ~~~.  1022 
! 842 
1022 
. 1022 
842 
932 
1 932 842 
I 932 
, 1022 
; 1022 
5AI- 1 
1-A-54 155.9Fe-12Ni-25Co-5Ta-2%0.1Mn 
1-A-55 
1-A-56 1 57Fe-12Ni-25Co-5Ta-0.5Ti-0.5AI 1022 57Fe-12Ni-25Co-5Mo-0.5Ti-O.5AI 1022 
1-A-57  56Fe-lZN1-25Co-5Ta-ZW 
1-A-58 55.9Fe-12Ni-25Co-4Ta-2W-1Si-0. 1 h h  1022 
1022 
1-A-59 55.9Fe-12N1-25Co-3Ta-ZW-ISi-O.5Ti- 
0.1Mn-0.  5Al 1022 
1-A-60 55.9Fe-12Ni-25Co-4Ta-2Si-0.5Al- 
0.5Ti-0.1Mn 
I 
- 
550 
550 
450 
450 
550 
550 
450 
500 
500 
500 
550 
550 
550 
550 
550 
550 
I 
607 1 17.5 
695 ' 31.0 ' 534 1 40.0 ' 14 
574  53.0  14 1 663 , 35.0 
1 757 39.0 
568 
677 
663 
572 
546 
6 16 
577 
732 
rittle,  no  ter 
663 
732 
649 
629 
692 
rittle,  note! 
259 
lrittle. note 
i 
I 
it 
I 
Y st 
29.5 
31.0 
30.5 
30.5 
29.5 
29.5 
30.0 
30.0 
33.5 
25.0 
35.0 
39.0 
39.0 
14.0 1-A-38  69.9Fe-25Co-5Ta-O.lMn 1 1022 I 550 
1-A-41  66Fe-25Co-5Ta-4Mn ~ .. ~~ 
1-A-40 
57.4Fe-5Ni-25Co-5Cr-5Ta-0.5AI- 1-A-61 
36.0 533 550  102259.9Fe-5Ni-25Co-5Cr-5Ta-O.lMn 1-A-42 
64.9Fe-5Ni-25Co-5Ta-O.lMn 1-A-39 
62ie-5Ni-25do-5Ta-3Mn 
2Si-0.1Mn 1022 550 616 40.0 
t .  
brittle, no test 
brittle, no test 
(a) Alloy LMlO was melted  and  tested on a  previous  Westinghouse  program. 
(b) VHN hardness  obtained  using a load of 50  kilograms  (see  section 11. B. 4).
(c) The total  aging  time  that a isochronal aglng specimen  encountered  during  a  test  may  be 
determined  by  adding  one  hour  aging  time  for  each  90°F  (50°C)  increment in temperature 
starting  at  842°F  (450°C);  e.  g.,  for  550°C total aging  time  is  three  hours. 
(d) A VHN, the  change  in  hardness  during  aging  at  1022°F  (550°C) or VHNl - VHNIOOx 
VHNl 
466 
446 
33.0  24 
607 56.0 ' 10 
56 5 
452 
30.0 10 
26.5 10 
450 
523 
27.5 10 
502 
23.0 
25.0 
15 
11 
37.0 I 18 
t 670 5 46.0 629 'brittle, no test 43.0 660 6 
570 
51.0 
33.0 
13 
557 33.0 
11 
2.3 48.5 697 
13 
I 
brittle,  no  test 
I -  
brittle,  no  test 
brlttle.  no  test 
518 I 37.0 \ 8 brlttle,  notes 
57 1 I 38.0 I 7 
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:GURE 11-8. Change  in Room Temperature  Hardness  and 
Coercive  Force of Representative  Ferritic 
Alloys  During Isothekal  Aging at  1022O F 
(550O C )  
42  
2 0 0  
0 0 0  
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FIGURE  11-8.  Change  in  Room  Temperature  Hardness  and 
(Continued)  Coercive  Force of Representative  Ferritic 
Alloys During  Isothermal  Aging  at 1 0 2 2 ' F  
( 5 5 0 O C )  
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TABLE 11-11. Saturation  Magnetic  Moment of Martensitic 
Alloys(a)  Containing  Addition  Elements 
Nominal  Alloy  Composition 
[weight  oercent) 
54.4Fe-15N1-25C0-0.5Be-5Ta-O.lMn 
54.4Fe-15W-25Co-0.5A1-5Ta-0. 1Mn 
53.9Fe-15Ni-25Co-lW-5Ta-O.IMn 
53.9Fe-15Ni-25Co-0.5Al-0.5Ti-5Ta-0. 1Mn
53.9Fe-15Ni-25Co-0.5A1-0.5Ti-2Mo-3Ta- 
0.1Mn 
69.9Fe-25Co-STa-O.lMn 
64.9Fe-5Ni-25Co-5Ta-0. 1Mn 
62Fe-5Ni-25Co-3Mn-5Ta 
66Fe-25Co-4Mn-5Ta 
59.9Fe-5Ni-25Co-5Cr-5Ta-0. 1Mn 
53Fe-15Ni-25Co-2Cr-5Ta 
55Fe-15Ni-25Co-2Mo-3Ta 
56Fe-15Ni-25Co-2Cr-ZSi 
57.5Fe-15Ni-25Co-2Cr-0.5Be 
53Fe-15Ni-25Co-2Si-5Ta 
53Fe-15Ni-25Co-ZV-5Ta 
56Fe-15Ni-25Co-2Si-ZW 
57Fe-15Ni-25Co-ISi-2V 
58Fe-15Ni-25Co-lSi-lTi 
56Fe-15Ni-25Co-ZMo-2W 
54.9Fe-15N1-25Co-3Ta-lSi-O.5A1-0.5Ti- 
0.1Mn 
55.9Fe-IZNi-25Co-5Ta-2Si-O.lMn 
57Fe-12Ni-25Co-5Mo-0.5Ti-0.5AI 
57Fe-12Ni-25Co-5Ta-0.5Ti-0.5Al 
56Fe-lZN1-25Co-5Ta-ZW 
55.9Fe-12Ni-25Co-3Ta-2W-1Si-O.5Al-0. 5Ti 
55.9Fe-12Ni-25Co-4Ta-2W-ISi-O.lMn 
0.1Mn 
55.9Fe-12Ni-25Co-4Ta-2Si-O.5Al-0.5Ti- 
0.1Mn 
57.4Fe-5Ni-25Co-5Cr-5Ta-0.5AI-0. 1Mn-2Si 
____ 
Saturation 
After  Annealing 
1832'F (IOOOT) 
One Hour at 
Tested  at Room 
TernDerature 
183 
19 1 
19 1 
19 1 
217 
176 
200 
205 
212 
217 
215 
220 
19 1 
192 
193 
188 
222 
187 
215 
212 
211 
190 
184 
194 
190 
198 
186 
186 
182 
204 
196 
198 
190 
188 
192 
196 - 191 195 
189 
186 
172 
i agnetic Moment (emu/g)(c: After  Agir; at 11120 
Tested  at Roon 
Temperature Number 
Alloy 
1-A-1 
1-A-2 
1-A-3 
1-A-5 
1-A-4 
1-A-7 
1-A-6 
1-A-8 
1-A-9 
1-A-10 
1-A-21 
1 -A -22 
1-A-23 
1-A-24 
1-A-25 
1 -A -26 
1-A  -27 
1 -A  -28 
1 -A -29 
1-A-31 
1-A-32 
1-A-30 
I-A-33 
1-A-34 
1-A-35 
I-A-37 
1-A-36 
1-A-38 
1-A-39 
1 -A -41 
1-A-40 
I-A-42 
1 -A -43 
1-A-44 
1 -A -45 
1 -A -46 
1-A-47 
1-A-49 
1 -A -48 
I-A-51 
1-A-50 
1-A-52 
1 -A -53 
I-A-54 
I-A-55 
1-A-56 
I-A-57 
1 -A 158 
1-A-59 
1-A-60 
1-A-61 
(b) Tested  in  the  as  cast  condition. 
(a') All specimens  were  machined from cast  ingots. 
(C) To convert  Saturation  Magnetic Moment to  the  approximate  induction i n  gauss. multiply  the 
listed  value  by 100. 
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COBALT CONTENT (WEIGHT PERCENT) 
F I G U R E  11-9 .  Inf luence  of   Cobal t   Content  on S a t u r a t i o n  i n  a 
Ternary Alloy w i t h  1 2  Percent N i c k e l  i n  I r o n ,  
(Alloys 1-A-11 t o  1-A-20)  
for  one atomic percent  of  t h e  element added t o  t h e  Fe- 
15Ni-25Co ma t r ix  and  to  t h e  Fe-12Ni-20Co matrix.   These 
values  must  be considered with caut ion since the  a tomic  
pe rcen t  w a s  c a l c u l a t e d  from the nominal composition. 
The l a t t e r  may d e v i a t e  as much as 20% o f  t h e  t r u e  v a l u e  
o f  some e l e m e n t s ,  e s p e c i a l l y  t h o s e  v e r y  a c t i v e  t o  oxy- 
gen  and  nitrogen (see s e c t i o n  I I . B . l . ) .  There i s  good 
agreement between the values derived from the t w o  groups 
of a l l o y s .  
One n o t i c e s  t h a t  t h e  i n f l u e n c e  o f  t r a n s i t i o n  metals on 
magne t i c  s a tu ra t ion  inc reases  gene ra l ly  wi th  the  d i s -  
t a n c e  i n  r o w  and  column  from the  f e r romagne t i c  metals 
Fe, N i ,  and C o  i n  t h e  p e r i o d i c  table.  The metals, S i ,  
A l ,  and B e  behaved i n  a similar manner, though B e  devi- 
ates t o  some degree.  I t  is clear t h a t  t h e  i n f l u e n c e  o f  
t h e  a l l o y i n g  a d d i t i o n s  is not  merely a d i l u t i o n  e f f e c t .  
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TABLE 11-12. Reduction of Magnet ic   Sa tura t ion  (emu/g) P e r  
Unit  A t o m i c  Percent  Addi t ion  Element  in  1 2  
and 15 Percent  Nicke l  I ron  Matrices(a) 
I 
A d d i t i o n  
E l e n e n  t 
T i  
Mo 
T a  
w 
N b  
B e  
A 1  
V 
C r  
S i  
I l n  
~ ~- 
C h a n q e  i n  Room T e m p e r a t u r e  Y a q n e t i c  S a t u r a t i o n  
P e r  U n i t  Atonic P e r c c  
60Fe-15Ni-25Co Matr ix  
( w e i g h t  p e r c e n t )  
61 .25Fe-14 .57Ni-24 .18Co 
(atomic p e r c e n t )  
- 6 . 8  
- 8 .5  
- 1 1 . 0  
- 1 1 . 2  
- 6 . 5  
- 1 . 9 5  
- 3 . 8  
- 4 . 4  
- 4 . 6  
- 3 . 5  
- 0 .97  
t CxpGessed i n  emu/g 
63Fe-12Ii i -25Co Elatrix 
( w e i g h t  percent) 
G4.21Fe-ll.641:i-24.15Co 
(atomic p e r c e n t )  
- 6 . 8  
- 8 . 2  
-12 .2  
-15 .9  
- 1 0 . 5  
- 2 . 6  
- 4 . 7 5  
( a )  B a s e d   o n   n o m i n a l   c o m p o s i t i o n s .   S e e   d i s c u s s i o n   o n   p a g e   4 5 .  
b. SELECTION AND EVALUATION OF INTERMEDIATE  VACUUM 
ARC  MELTED ALLOYS 
As an a d d i t i o n a l  s t e p  i n  t h e  s c r e e n i n g  p r o g r a m ,  s i x  
a l l o y s  o f  t h e  m a r t e n s i t i c  t y p e  and s i x  o f  t h e  c o b a l t -  
base type were prepared  by vacuum-arc melt ing in  a 
l a r g e r   b u t t o n  s i z e  of -300  grams.   Tes t ing   of   these  
a l l o y s  would v e r i f y  t h e  r e s u l t s  o f  t h e  p rev ious  sc reen -  
i n g  e f f o r t ,  d e f i n e  t h e  s u i t a b l e  r a n g e  o f  a l l o y  c o m p o s i -  
t i on  wi th in  na r row limits, and extend the measurements 
of mechanical  and  magnetic  measurements. The s e l e c t i o n  
o f  compos i t ions  fo r  t hese  a l loys  were made on t h e  b a s i s  
of  results from t h e  sc reen ing  tests performed  on t h e  
l e v i t a t i o n  melted a l l o y s  and descr ibed i n  t he  p reced ing  
s e c t i o n .  The r e s u l t s   u s e d   f o r   t h e   s e l e c t i o n  of t h e  
m a r t e n s i t i c  a l l o y s  are l i s t e d  i n  t a b l e s  11-9 ,  11-10 
and 11-11. 
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I n  t h e  case o f  t h e  m a r t e n s i t i c  a l l o y s ,  the fo l lowing  
cri teria w e r e  u s e d  i n  s c r e e n i n g  t h e  a l l o y s :  
1) Transformation  should  not  start a t  a temper- 
a ture  be low the  upper  l i m i t  o f  t h e  a n t i c i -  
pa ted   range   of  service temperature.   There- 
fore, a l l  o f  t he  a l loys  wh ich  showed t h e  
start  of t r ans fo rma t ion  du r ing  a slow rate 
of h e a t i n g  (1.8O to 3.6OF), lower than  1202OF 
(65OoC), w e r e  e l imina ted .  
The m a g n e t i c  s a t u r a t i o n  a t  1112OF (6OOOC) 
should be w e l l  i n  e x c e s s  of t h e  s a t u r a t i o n  of 
t h e  b e s t  a v a i l a b l e  material (Bs = 13,000 
gauss  a t  1112OF i n  H-11 steel  and 15 percent  
n icke l   maraging  s teel) .  A t t e n t i o n  w a s  t he re -  
fo re  focused  on ly  on t h o s e  a l l o y s  i n  which 
the measured magnetic moment p e r  gram a t  
1112OF (6OOOC) w a s  h ighe r   t han  1 5 0  (equiva- 
l e n t  t o  Bs = 15,000 gauss) .  
3 )  Only those   a l loys   wh ich   exh ib i t ed   subs t an -  
t i a l   a g e   h a r d e n i n g  were cons ide red .   In   o rde r  
t o  be comparable  with commercial ly  avai lable  
materials such  a s  H-11 steel  o r  15  p e r c e n t  
nickel  mardging s teel ,  the  hardness  measured  
a t  room t e m p e r a t u r e  d u r i n g  i s o c h r o n a l  o r  i s o -  
thermal  aging was r e q u i r e d  t o  be a t  least  550 
VHN . 
4 )  The va lues  of c o e r c i v i t y   a s s o c i a t e d   w i t h   t h e s e  
hardness measurements should be r e l a t i v e l y  
low. I t  i s  d i f f i c u l t  t o  select a d e f i n i t e  
l i m i t  on the measured room tempera ture  va lues .  
The c o e r c i v e  f o r c e  w i l l  dec rease  a t  e l e v a t e d  
t e m p e r a t u r e s   ( r e f .  11 -21) .  S ince  it i s  d i f -  
f i c u l t  t o  p r e d i c t  t h e  amount o f  decrease, an  
a r b i t r a r y  room tempera ture  va lue  of  H, = 50 
o e r s t e d s  was selected a s  t h e  l i m i t  whlch 
should not be exceeded even a f te r  1 0 0  hours  
aging a t  1022OF (55OOC). 
5) The mos t   impor t an t   c r i t e r ion  is t h e   s t a b i l i t y  
o f   t h e   s t r u c t u r e .  Y e t ,  t h e r e  is  no  such sta- 
b i l i t y  i n  i t s  genuine meaning, which would 
f o r b i d  a n y  d i f f u s i o n  c o n t r o l l e d  p r o c e s s  t o  
proceed  in   measurable  times. I n  a l l  o f   t h e  
a l l o y s  t e s t e d ,  a g e  h a r d e n i n g  w a s  promoted i n  
the temperature  range between the 842O and 
1202OF (450O and 65OOC).  T h i s   i n d i c a t e d   t h a t  
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t h e  d i f f u s i o n  c o n t r o l l e d  p r e c i p i t a t i o n  - re- 
ac t ion   p roceeds   i n   measu rab le  times. There- 
f o r e ,  it i s  d e s i r a b l e  t o  f i n d  c o n d i t i o n s  
w h i c h  e s t a b l i s h  a c e r t a i n  s t a t e  o f  s t r u c t u r e  
d e f i n e d  as dynamically stable. Such a s ta te  
requ i r e s  tha t  ha rdness  and  s t r eng th  r ema in  
n e a r l y  a t  a c o n s t a n t  level dur ing  exposure  
a t  tempera ture  whi le  some d i f f u s i o n  c o n t r o l l e d  
process  may c o n t i n u e .   P r a c t i c a l l y  a l l  c r e e p  
r e s i s t a n t  a l l o y s  make use of such s t a t e  of 
s t r u c t u r e .  
I t  i s  common expe r i ence  tha t  such  behav io r  i s  
r e l a t e d  t o  t h e  t e m p e r a t u r e  a t  which the max- 
imum hardness  is ob ta ined  du r ing  i sochrona l  
aging.  The a n t i c i p a t e d   s e r v i c e   t e m p e r a t u r e  
may be  h ighe r  t han  the  t empera tu re  a t  which 
maximum hardness  i s  a t t a ined ;   however ,   i n  
t h o s e  c a s e s  o n e  h a s  t o  a n t i c i p a t e  t h a t  o v e r -  
ag ing  w i l l  occur  a t  prolonged exposure t i m e s  
a t  temperature .  
Therefore ,  it appea red  r easonab le  to  focus  
a t t e n t i o n  o n l y  on t h o s e  a l l o y s  e x h i b i t i n g  a 
maximum hardness  tempera ture  of  a t  least  
1022OF (55OOC). I n   a d d i t i o n ,   t h e   d e c r e a s e  
of hardness from t h e  maximum va lue  ob ta ined  
d u r i n g  t h e  i s o t h e r m a l  a g i n g  a t  1022OF (55OOC) 
t o   t h e   v a l u e   o b t a i n e d  a f t e r  1 0 0  hours   should 
be less than  1 0  p e r c e n t .  
I n  a p p l y i n g  t h e  l i s t e d  c r i t e r i a ,  one n o t i c e s  t h a t  t h e  
commerc ia l ly  ava i lab le  1 5  percent  n icke l  maraging  s teel  
does not  f u l f i l l  or  even approach these requirements .  
The s c r e e n e d   a l l o y s  1-A-22,  1-A-35,  1-A-36,  1-A-53, 
1-A-55 and 1-A-59 f u l f i l l  a l l  o f  the  requi rements  si- 
multaneously.  The a l l o y s  LM10, 1-A-23,  1-A-34,  1-A-48, 
1-A-57, and 1 - A - 6 1  v e r y  n e a r l y  f u l f i l l  t h e  requi rements .  
T h e s e  r e s u l t s  e n a b l e  u s  t o  d e r i v e  a m o s t  s u i t a b l e  a l -  
l o y  composition. 
However, some ambigui ty  remained  regard ing  the  exac t  
amount of added  e l emen t s  t o  use  fo r  t he  bes t  combina -  
t ion .   Fur thermore ,   one   should   be   cau t ioned   in  assum- 
ing  tha t  the  nominal  weight  percent  is t h e  a c t u a l  
amount p r e s e n t  i n  t h e  20-gram i n g o t s .  A s  s t a t e d  p r e -  
v i o u s l y ,  d e v i a t i o n s  of 2 0  p e r c e n t  may be expected based 
on   p rev ious   expe r i ence   w i th   l ev i t a t ion  m e l t s .  The re- 
s u l t s  of t h e  s c r e e n i n g  tests ob ta ined  f rom the  l ev i t a -  
t i o n  melts p rov ided  ce r t a in  r anges  of t h e  m o s t  s u i t a b l e  
composition and it w a s  the  purpose  of t h e  n e x t  s t e p  t o  
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narrow  the limits o f   t hese   r anges  s t i l l  f u r t h e r .  The 
limits o f  t h e  m o s t  s u i t a b l e  n i c k e l  c o n t e n t  may be  de- 
f i n e d  as 10 t o  1 5  w e i g h t  p e r c e n t .  The c o b a l t  c o n t e n t  
may vary  between 20 and 30 weight  percent .  A s  f a r  as 
t h e  b e n e f i c i a l  a d d i t i o n s  o f  Ta ,  W ,  S i ,  C r ,  A l ,  and T i  
i n  t h e  above listed t e s t  a l l o y s  are conce rned ,  S i  may 
be el iminated,  even in  advantageous combinat ion with 
o t h e r   e l e m e n t s ,   f o r   t h e   f o l l o w i n g   r e a s o n s :   s i l i c o n  
a d d i t i o n  h a s  a n  e m b r i t t l i n g  effect, as n o t e d  i n  many 
cases and  reduces  the  magnet ic   saturat ion.   In   compar-  
i n g  a l l o y  1-A-53 wi th  1-A-36, t h e  f o r m e r  d i d  n o t  show 
improvement i n  o t h e r  p r o p e r t i e s  when s i l i c o n  w a s  added 
i n  similar combinations (see table 11-10). Comparing 
1-A-48 wi th  LMlO (see table 11-10]  shows t h a t  t h e  ad- 
d i t i o n  o f  s i l i c o n  p r o d u c e d  o n l y  m a r g i n a l  b e n e f i t s  as 
f a r  a s  h a r d n e s s  a n d  s t a b i l i t y  w e r e  concerned. 
The add i t ion  o f  chromium has a v e r y  d e t r i m e n t a l  e f f e c t  
on s t a b i l i t y  o f  t h e  a phase  and on the  magne t i c  s a tu ra -  
t i on .   The re fo re ,  chromium can  only be t o l e r a t e d  as an 
a d d i t i o n  when a s u b s t a n t i a l  r e d u c t i o n  i n  n i c k e l  compen- 
sates f o r  t h e  d e t r i m e n t a l  e f f e c t s  o f  chromium. 
The addi t ion  of  tan ta lum has p r o v e n  b e n e f i c i a l  i n  n e a r l y  
any  combination tested. I t  should be r e s t r i c t e d  t o  be- 
tween 3 and 4 weight  percent  in  combinat ion with alum- 
inum and  t i t an ium a t  -0 .5   weight   percent .   There i s  
some doub t  whe the r  an  inc rease  in  tungs t en  con ten t  t o  
two weight  percent  w i l l  provide enough improvement t o  
compensate i t s  more drast ic  e f f e c t  i n  r e d u c i n g  t h e  
t ransformat ion  tempera ture  and magne t i c  s a tu ra t ion .  
Because  of t h e  prev ious ly  ment ioned  uncer ta in t ies  i n  
t h e  a c t u a l  c o m p o s i t i o n  o f  t h e  l e v i t a t i o n  melts, it ap- 
p e a r e d  i m p r a c t i c a l  t o  t r y  t o  r e p r o d u c e  s p e c i f i c  a l l o y  
composition of t h e  l e v i t a t i o n  melts a s  300-gram b u t t o n s  
made  by vacuum-arc  melting. I t  appeared   to   be  more  use- 
f u l  t o  d e s i g n  t h e  a l loy  compos i t ions  fo r  t he  300-gram 
bu t tons  to  ob ta in  in fo rma t ion  abou t  t he  optimum  composi- 
t i o n  and i t s  limits. T h e r e f o r e ,   s i x   a l l o y s  were melted 
(see s e c t i o n  I1 .B. 5. f o r  de ta i l s )  c o n t a i n i n g  v a r i a t i o n s  
of   composi t ion  within  the  above  specif ied l i m i t s .  N i  
conten t  was between 1 0  and 15 weight percent;  C o  be- 
tween 20 and 30 weight  percent  ( C r ,  l we igh t  pe rcen t  
s u b s t i t u t i n g  - 2  weight  percent  N i l ;  Ta  between 3 and 4 
weight  percent ;  W between 0 and 2 weight  percent .  A 1  
and T i  0.5  weight  percent  each. The nominal  composi- 
t i o n s  of t h e   a l l o y s   a r e  l is ted i n  t a b l e  11-7.a. The 
f i r s t  f i v e  a l l o y s  w e r e  d e s i g n e d  t o  o b t a i n  e q u a t i o n s  for 
t h e  p r o p e r t i e s  expressed as i n d e p e n d e n t  l i n e a r  r e l a t i o n -  
sh ips  wi th  the  weight  percent  of  the  components  N i ,  T a ,  
W, and Co. I t  w a s  assumed t h a t  w i t h i n  t h e  n a r r o w  limits 
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Alloy 
lumber 
-A-V- 1 
-A-V-2 
-A-V-3 
-A-V-4 
-A-V-5 
-A-V-6 
d e f i n e d ,  t h e  i n d e p e n d e n t  l i n e a r  r e l a t i o n s h i p  i s  a j u s t i -  
f ied   approximat ion .  The common r u l e  f o r  s u c h  a pro- 
cedure w a s  fol lowed by p l a c i n g  t h e  c o m p o s i t i o n  o f  t h e  
e x p e r i m e n t a l  a l l o y s  a t  t h e  r a n g e  l i m i t  except f o r  o n e  
a l l o y .  The composition of t h e  l a t t e r  corresponded t o  
the   mid- range   quant i ty  of each  component.  However, 
n i c k e l  w a s  r e d u c e d  t o  f i v e  w e i g h t  p e r c e n t  w h i l e  i n t r o -  
ducing f ive we igh t  pe rcen t  chromium as i n  a l l o y  1-A-61. 
The (aging  response,   hardness   and coercive force) re- 
s u l t s  ( t a b l e  11-13]  obtained  from  the 300-gram  vacuum 
arc m e l t e d  b u t t o n s  i n d i c a t e  t h a t  t h i s  a p p r o a c h  p l a c e d  
t h e  r e s u l t s  i n  a g r e e m e n t  w i t h  the p r o p e r t i e s  a n t i c i -  
pa ted  on t h e  basis of r e s u l t s  o b t a i n e d  o n  t h e  l e v i t a t i o n  
melts. 
The analyzed composi t ions of t h e  s i x  m a r t e n s i t i c  a l l o y s  
(see tab le  11-7 .b)  were very near  the nominal  composi-  
t i o n s  ( table 11-7.a). The o n l y   n o t i c e a b l e   d i f f e r e n c e s  
were the  tan ta lum and aluminum c o n t e n t s ;  g e n e r a l l y ,  
about 0 . 5  and 0 . 1  w e i g h t  p e r c e n t  h i g h e r  r e s p e c t i v e l y  
than expected.  
Test r e s u l t s  of  magnet ic  sa tura t ion  measurements  made 
on samples from the 300-gram b u t t o n s  are l i s t e d  i n  
t a b l e  1 1 - 1 4 .  S a t u r a t i o n  of the  aged  samples  w a s  meas- 
u r e d  a t  room tempera ture ,  1112OF ( 6 O O 0 C ) ,  and a t  1202OF 
(65OOC) .  Samples of t h e  m a r t e n s i t i c   a l l o y s  were an- 
nea led  for one  hour a t  1832OF ( lOOO°C)  t hen  aged  fo r  
one  hour a t  1112OF (6OOOC) b e f o r e  t e s t i n g .  
TABLE 11-13. Maximum Hardness  Obtained by t h e   I s o c h r o n a l  
Aging of Vacuum A r c  Me l t ed  Mar t ens i t i c  
Alloys 1-A-V-1 t o  1-A-V-6 
I Nominal Alloy Composition Hardness v (weight  percent) (" F) I 48Fe-15Ni-30Co-2W-4Ta-O.5A1-0.5Ti 66Fe- lONi-2OCo-3Ta-O.5A1-0.5Ti 57.5Fe- 12Ni-25Co-IW-3.5Ta-0.5Al- 0.5Ti 51Fe-15Ni-30Co-3Ta-0.5Al-O.5Ti 49Fe-15Ni-3OCo-ZW-3Ta-O.5Al- 1112 1022 1022 1112 1112 
Aging Temperature  
a t  Which Maximum 
Maximum 
Total 
Room Temperature  
Room 
Aging 
vas Obtained 
Temperature  
Hardness  Time(a) 
("C) (VHN (hours) 
0.5Ti 
60Fe-5Ni-5Cr-25Co-lW-3Ta-0.5Al- I 1022 
0.5Ti  
600 
3  5 50 
4 732 
570 
5 50 3 64 1 
6 00 
6 00 
4  670 
4 7 04 
5 50 3 553 
Room 
Temperaturt 
Coercivity  a 
Maximum 
Hardness 
(oersteds) 
39 
30.  5 
22 
35 
31 
34 
(a)  Total  aging  time  may be determined by adding  one  hour  aging  time for each  90°F (50°C) increment  in  temperature 
start ing  at  842°F  (450°C). 
50 
Resu l t s  ob ta ined  from coercive force measurements  on 
samples of the 300-gram b u t t o n s  are shown i n  table 11- 
15. Coerc ive   force  w a s  measured a t  several tempera- 
t u r e s .  Two samples were taken  f rom  each  of   the fe r r i -  
t i c  a l l o y s  for  measurements. One sample w a s  aged  fo r  
one hour a t  1112OF (6OO0C) ,  t he  o the r  s ample  w a s  sub- 
j e c t e d  t o  i s o t h e r m a l  a g i n g  for  1 0 0  hours  a t  1022OF 
(550OC) b e f o r e   t e s t i n g .   I n   t h e  case of   the  isotherm- 
a l l y  aged samples ,  coercive force w a s  remeasured a t  
room temperature  a f t e r  measurements a t  higher tempera- 
t u r e s .  The r e s u l t s  i n d i c a t e  a s l i g h t  r e d u c t i o n  o f  co- 
e r c i v e  f o r c e  v a l u e  d u e  t o  t h e  tests a t  t e m p e r a t u r e .  
R e s u l t s  o f  t e n s i l e  tests, which w e r e  obtained on samples 
from t h e  300-gram b u t t o n s ,  are shown i n  t a b l e  11-16. 
The f e r r i t i c  s a m p l e s  w e r e  annealed one hour a t  1832OF 
( l O O O ° C ) ,  then machined t o  s i z e  and  aged for  one  hour  
a t  1112OF (6OOOC) b e f o r e   t e s t i n g .  The hardness   of   each 
sample was measured a t  room t empera tu re  be fo re  the  test. 
This   va lue  is a l s o  shown i n  t a b l e  11-16 .  The table 
l i s t s  y i e l d  stress a t  0 . 2  p e r c e n t  p l a s t i c  e l o n g a t i o n ,  
t h e  u l t i m a t e  t e n s i l e  stress the uniform elongat ion,  and 
t h e  r e d u c t i o n  o f  a r e a  a t  f r a c t u r e .  Tests w e r e  performed 
a t  room temperature  and a t  1112OF ( 6 O O O C ) .  Samples 
were he ld  fo r  15  minu tes  a t  t empera tu re  be fo re  the  
s t a r t  of t e s t i n g .  Tests a t  1112OF (6OOOC) w e r e  con- 
duc ted   i n   a rgon .  I n  t h e  room temperature  tests ten-  
s i l e  specimens of the f e r r i t i c  a l loys  wi th  the  excep-  
t i o n  o f  a l l o y  1-A-V-6 f a i l e d  i n  a b r i t t l e  manner a t  
t h e  rad ius  of  t h e  f i l l e t  b e f o r e  0 . 2  p e r c e n t  p l a s t i c  
e longa t ion  was reached. The stress a t  f r a c t u r e  i s  
l i s t ed  i n  t hose   ca ses .  Ferr i t ic  t ens i l e   spec imens  
showed some necking when tested i n  1112OF ( 6 O O O C ) .  
Hot-hardness values for samples from the 300-gram but -  
t o n s   a r e  shown i n  t a b l e  11-17. Samples  of  the f e r r i t i c  
a l l o y s  were annealed  one  hour a t  1832OF ( l O O O ° C )  and 
t h e n  aged for one hour a t  1 1 1 2 O F  ( 6 0 0 O C )  be fo re  test- 
ing .  The temperature  dependence  of  hardness  of  al loys 
1-A-V-4 is shown i n  f i g u r e  11-10 .  
The fol lowing requirements  were set  p r e v i o u s l y  f o r  se- 
l e c t i n g  s u i t a b l e  a l l o y s  from the screening program and 
w e r e  a p p l i e d  t o  t h e  s e l e c t i o n  o f  t h e  f i n a l  a l l o y s  f o r  
i n v e s t i g a t i o n :  
1) M a g n e t i c   s a t u r a t i o n   a t  1112OF ( 6 O O O C )  equa l  
t o  o r  g r e a t e r  t h a n  150 emu/g (15,000 g u a s s ) .  
2 )  Maximum room temperature   hardness   during  iso-  
c h r o n a l  a g i n g  e q u a l  t o  o r  g r e a t e r  t h a n  550 VHN. 
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TABLE 11-14 .  Saturat ion Magnetic Moment of 3 0 0 - G r a m   V a c u u m   A r c  
Melted Martensitic A l l o y s  1-A-V-1 t o  1-A-V-6 
w After .on Magnetic Moment (emu/g)(a) .ati T 
I One  Hour Annealing After  Annealing  One  Hour  at 
One  Hour  at  1112°F  (600'C) 
1832°F (1000°C) and Aging 1 at  1832°F 
I" 
1 
rested   a t  
1112'F 
(600°C) 
res ted   a t  
1202°F 
(65OOC) 
Nomin:l Alloy Composition 
.weight  percent) I Tezi::ture remperature  Room Number Alloy 
I-A-V- 1 
1-A-V-2 
1-A-V-3 
I - A - V - 4  
1-A-V-5 
1-A-V-6 
(a) To ronvert thr saturation magnetic moment to the approximate induction in gauss, multiply the 
listed valuc lw 100. 
48Fc- 15Ni-30Co-2W-4Ta-0.5A1-0.5Ti 
66Fe- lONi-20Co-3Ta-O.5A1-0.5Ti 
57.5Fe-12Ni-25Co-lW-3.5Ta-0.5A1- 
0. 5Ti 
51Fc- 15Ni-30Co-3Ta-0.5A1-0.5Ti 
49Fc- 15Ni-30Co-2W-3Ta-0.5A1-0.5Ti 
60Fe-5Ni-5Cr-25Co-IW-3Ta-0.5AI- 
0. 5Ti 
181 
208 
196 
192 
185 
184 
160 
172 
166 
168 
161 
150 
149 
165 
150 
151 
153 
139 
183 
2 06 
196 
195 
187 
186 
TABLE 11-15. C o e r c i v e  Force Measurements on 3 0 0 - G r a m   V a c u u m  
A r c  Melted Martensitic Alloys 1-A-V-1 t o  
1-A-V-6 a t  D i f f e r e n t  T e m p e r a t u r e s  
- 
Alloy 
Number 
Coercive Force (Oersteds) 
Annealed One Hour at 1832°F (lOOO°C); Then I Aged One Hour a t  1112°F (600'C) Before  Testing 
~~ 
Test   Temperature  
Nominal Alloy Composition 1202°F  1112°F Room 022°F 
(weight  percent) Temp. (650'C)  (600°C)  Temp.  (550°C) 
48Fe-15Ni-30Co-2W-4Ta-O.5A1-0. 5Ti 
66Fe- lONi-2OCo-3Ta-O.5A1-0.5Ti 
57.5Fe-12Ni-25Co-1W-3.5Ta-0.5.41- 
0.5Ti 
51Fe- 15Ni-30Co-3Ta-0.5A1-0.5Ti 
49Fe-15Ni-30Co-2W-3Ta-O.5Al-O. 5Ti 
60Fe-5Ni-5Cr-25Co-lW-3Ta-0.5AI- 
0.5Ti 
1-A-V- 1 
1-A-V-3 
1-A-V-2 
1-A-V-4 
1-A-V-5 
1-A-V-6 
25.0 
31.0 43.0 
37.0 
37.0 
I I I I I 
Annealed One Hour at 1832°F (IOOO°C); 'Then 
Aged 100 Hours at 1022°F (550"( Before  Testing - I  . 
1-A-V- 1 
1-A-V-2 
1-A-V-3 
1-A-V-4 
1-A-V-5 
1-A-V-6 
63.0 
28.0 
41. 5 
48.0 
62. 0 
32.0 
66Fe-10Ni-20Co-3Ta-0.5A1-0.5Ti 
57.5Fe-IZNi-25Co-lW-3.5Ta-0.5A1- 
0.5Ti  
51Fe-15Ni-30Co-3Ta-0.  5A1-0.5Ti 
60Fe-5Ni-5Cr-25Co-lW-3Ta-0.5Al- 
0.5Ti  37.0 
33.0 
48.0 
58.0 
30.0 29.0 
45.  5 42. 0 
53.0 48.5 
22.0 I 20.0  I 18 .1  
(a) Room temperature  results shown in the last column were measured after elevate 
temperature  measurements  were  made. 
!d 
5 2  
cn 
W 
TABLE 11-16. T e n s i l e  Tes ts (a )  of 300-Gram  Vacuum A r c  Melted Martensitic 
1-A-V-1 t o  1-A-V-6 
Alloy 
Number 
1-A-V-: 
1-A-V-; 
l-A-V-: 
1-A-V-4 
1-A-V-E 
1-A-V-8 
1-A-V- 1 
1-A-V-2 
1-A-V-3 
1-A-V-4 
1-A-V-5 
1-A-V-6 
I 
Nominal  Alloy  Composition 
(weight  percent) 
48Fe-15Ni-30Co-2W-4Ta-O.5A1-0.5Ti 
66Fe-lONi-20Co-3Ta-0.5A1-0.5Ti 
57.5Fe-12Ni-25Co-  lW-3.5Ta-0.5Al- 
0.5Ti 
51Fe-15Ni-30Co-3Ta-0.5A1-0.5Ti 
49Fe-15Ni-30Co-2W-3Ta-O.5A1-0.5Ti 
6OFe-5Ni-5Cr-25Co-lW-3Ta-0.5Al-O. 5Ti 
48Fe-15Ni-30Co-2W-4Ta-0.5A1-0. 5Ti 
56Fe-lONi-20C0-3Ta-0.5A1-0.5Ti 
57.5Fe-12Ni-25Co-lW-3.5Ta-0.5Al- 
I. 5Ti 
jlFe-15Ni-30Co-3Ta-0.5A1-0.5Ti 
19Fe-15Ni-30Co-2W-3Ta-O.5A1-0.5Ti 
jOFe-5Ni-5Cr-25Co-lW-3Ta-0.5A1-0.5Ti 
Room 
remperature 
Hardness 
50 kG Load 
(VHN) 
747 
54 7 
642 
687 
685 
503 
747 
540 
636 
685 
723 
510 
T Test 
Tempe 
"F 
-
77 
77 
77 
77 
77 
77 
1112 
1112 
1112 
1112 
1112 
1112 
T 
"C 
25 
25 
25 
25 
25 
25 
- 
6 00 
600 
600 
600 
6 00 
600 
0.2% 
Yield 
Strength 
(Psi) 
71  650(b) 
153 O O O b )  
148 OOO(b) 
140 500(b) 
131 800b) 
229  650 
147  600 
101 200 
115 300 
115 750 
130  250 
97  950 
Ultimate 
Tensile 
Strength 
@si) 
- 
- 
- 
- 
- 
239  850 
158 750 
115 050 
129  050 
133  850 
152 800 
104  650 
Jniform 
Elonga- 
tion 
percent) 
- 
- 
- 
- 
- 
2.11 
1.00 
1.93 
1.43 
1.60 
1.30 
1.06 
- 
Leduction 
of Area 
hercent) 
(4 
(4 
(4 
( 4  
(4 
16.26 
4.0 
43.9 
30.6 
4.0 
5.6 
76.4 
(a) Samples were annealed  one  hour  at  1832°F  (lOOO°C),  machined  to  size and then ag d one hour  at  1112°F  (600°C) 
~~ 
before  testing. 
(b)  Fracture  stress 
(c) Broke at  radius of fillet in a brittle manner 
TABLE 11-17. H o t  Hardness  Measurements(a)  on  Samples of 
300-Gram Vacuum-Arc Mel ted  Mar tens i t ic  A l -  
l o y s  l-A-V-1 t o  l-A-V-6 a f t e r  A n n e a l i n g  One 
Hour a t  1832OF ( l O O O ° C )  and  Aging One Hour 
a t  1112OF (6OOOC).  
Alloy 
Number 
I-A-V- I 
1-A-V-2 
1-A-V-3 
1-A-V-I 
I-A-V-5 
1-A-V-6 
Nominal  Alloy  Composition 
(weight  percent) 
48Fe-15Ni-30Co-2W-1Ta-O.5A1-0.5Ti 
66Fe-lONi-20Co-3Ta-0.5A1-0.5Ti 
57. 5Fe-12Ni-25Co-1W-3.  5Ta-0.5A1-0. 5 1  
51Fe- 15Ni-30Co-3Ta-0.5AI-O.STi 
4lrFe- 15Ni-30C'(1-_3W-3-r~1-0. 5A 0. 5 Ti 
COFe-5Ni-5Cr-25C11-1W-3Ta-0. 5Al-U. 5Ti 
- ." "" 
Hot  Hardness (VHN 
T e s t   T e m p e r a t u r e  
11 12" F 1202" F 
( 6 0 0 0 ~ )  ( ~ 5 0 0 ~ )  
340 
355 
215  338 
252  322 
193 268 
267 
157 24 2 
250 
~" 
~ 
LVHN 
 
- 73 
-75 
- 70 
- 125 
- 105 
- 85 
2.5 k c .  
3)  Temperature a t  which maximum hardness  w a s  ob- 
t a i n e d  e q u a l  t o  o r  g r e a t e r  t h a n  1 0 2 2 ° F  (55OOC). 
4 )  Room tempera ture   coerc ive   force   ven  a f t e r  
100 hours   aging a t  1 0 2 2 ° F  (550°C)   equal   to  
o r  less than  50 o e r s t e d s .  
5) The d e c r e a s e   i n  hardness  dur ing  i so thermal  
ag ing  a t  1022OF (550OC) from t h e  maximum 
value should be less than  1 0  pe rcen t .  
The r e q u i r e m e n t s  l i s t e d  i n  1, 2 ,  and 3 w e r e  f u l f i l l e d  
by a l l  s e l e c t e d  a l l o y s .  A l l o y s  1-A-V-1 and 1-A-V-5 d i d  
n o t  f u l f i l l  r e q u i r e m e n t  4 .  This  may be  due t o  t h e  h i g h e r  
amount of tantalum and aluminum add i t ions  than  expec ted .  
Alloy 1-A-V-2 does   no t  meet requirement  5. The r e s u l t s  
v e r y  c l e a r l y  show t h e  i n f l u e n c e  o f  c o b a l t  o n  s t a b i l i t y  
and   coerc ive   force .  The h ighe r   coba l t   con ten t   p roduces  
b e t t e r  t h e r m a l  s t a b i l i t y ,  b u t  t h e  c o e r c i v e  f o r c e  i n -  
c r e a s e s .  Chromium a d d i t i o n   r e s u l t e d   i n   l o w e r   c o e r c i v e  
fo rce .  
54 
TEMPERATURE (OF) 
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FIGURE 11-10. Hot Hardness  vs.  Temperature of A l l o y  1-A-V-4 
After  Anneal ing One Hour a t  1382OF ( lOOO°C)  
and  Aging a t  1112OF (6OOOC). Test Load 
2.5 kG. 
However, s t a b i l i t y  of hardness  and  sa tura t ion  of a l l o y  
1-A-V-6 is less t h a n   a l l o y s  1-A-V-3 and 1-A-V-4. The 
l a t te r  t w o  a l l o y s  w e r e  s e l e c t e d  f o r  t h e  f i n a l  a l l o y  
composi t ions  with some minor  adjustments.   Cobalt  was 
chosen a t  30 p e r c e n t  t o  g i v e  b e t t e r  s t a b i l i t y .  Ta ,  A l ,  
and T i  were reduced  to  dec rease  tha t  coe rc ive  fo rce .  
The coercive force measurements  a t  e levated temperature  
show t h a t  i n  t h e  case of the  i ron -base  a l loys  con ta in ing  
30 p e r c e n t  c o b a l t  (1-A-V-1, 1-A-V-4, 1-A-V-5) , t h e  reduc- 
t i o n  o f  c o e r c i v e  f o r c e  from room tempera tu re  to  1112OF 
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(6OOOC) i s  between  15  and 20  p e r c e n t ;  w h i l e  i n  a l l o y  
1-A-V-6 which contains  chromium, t h e  r e d u c t i o n  i s  more 
than  30 percen t .  One may c o n c l u d e  t h a t  a f u r t h e r  re- 
f inement  in  a l loy development  would be a s u i t a b l e  b a l -  
ance  be tween to le rab le  coercive f o r c e  a n d  s t a b i l i t y  i n  
s t r eng th .  Th i s  ba l ance  may b e  o b t a i n e d  b y  a d j u s t i n g  t h e  
coba l t   con ten t   ve r sus  aluminum  and  chromium con ten t .  An 
addi t iona l  measure  t o  keep  the  coe rc ive  fo rce  down would 
b e  t h e  a p p l i c a t i o n  f o r  - 5  p e r c e n t  p l a s t i c  s t r a i n  p r i o r  
t o  a g i n g .  
2. Cobalt-Base  Alloys 
a.  S C R E E N I N G   O F  LEVITATION MELTED ALLOYS 
More t h a n  f o r t y  c o b a l t - b a s e  a l l o y s  were melted and 
t e s t e d  d u r i n g  t h e  f irst  por t ion  o f  t h e  screening  pro-  
gram.  Nominal compos i t ions   o f   t he   coba l t -base   a l loys  
are shown i n  table 11-18. N o  tes ts  were made on   b inary  
Co-Ni a l loys  because  of t h e  e x i s t e n c e  o f  t h e  h e x a g o n a l  
phase a t  room temperature which prevents achievement 
o f  magne t i c  s a tu ra t ion  wi th  the  ava i l ab le  magne t i z ing  
f i e l d .   A l l o y s  1-B-1  t o  1 - B - 1 2  were formula ted   to   de-  
t e r m i n e  t h e  r e l a t i v e  e f f e c t  o f  i r o n  a n d  n i c k e l  o n  t h e  
room and e leva ted  tempera ture  magnet ic  sa tura t ion  of  
t h e  t e r n a r y  c o b a l t - b a s e  a l l o y s ;  t h e r e b y  e s t a b l i s h i n g  
the  r ange  o f  u se fu l  ma t r ix  compos i t ions  fo r  p rec ip i t a -  
t i on  ha rden ing  and  f ix  the  approx ima te  r ange  o f  com- 
posi t ion which would provide a s t a b l e  a l l o y  w i t h  a d e -  
qua te   s t rength   and   magnet ic   p roper t ies .   Al loys  1-B-13 
t o  1-B-15 were f o r m u l a t e d  t o  d e t e r m i n e  t h e  e f f e c t  o f  
p rec ip i t a t ion  ha rden ing  e l emen t s  on  seve ra l  ma t r ix  
compositions.   Alloys 1 -B-21  t o  1-B-32 were formulated 
to  de t e rmine  the  e f f ec t  o f  i ron ,  z i r con ium,  and  the  
aluminum t o  t i t a n i u m  r a t i o  on t h e  p r e c i p i t a t i o n  h a r d e n -  
ing   p rocess .   Al loys  1-B-33 t o  1-B-46 were t e s t e d  t o  
de t e rmine  the  e f f ec t  of add i t ion  e l emen t s  on  the  p rec i -  
p i t a t i o n   h a r d e n e d   m a t r i x   c o n t a i n i n g  A l + T i + Z r .  The series 
1-B-V-1 t o  1-B-V-6 shown i n  t a b l e  11-19 were m e l t e d  i n  
l a r g e r  s i z e  but tons.   Addit ional   mechanical   and  magnet ic  
tes ts  and  ana lyses  on  a l loys  1-B-V-1 t o  1-B-V-6 p rovided  
d a t a  f o r  t h e  s e l e c t i o n  o f  t h e  f i n a l  a l l o y s  1-B-S-1 and 
1-B-S-2 (composi t ions shown i n  t a b l e  1 1 - 2 0 ) .  
The r e s u l t s  from a l l o y  1-B-1 t o  1-B-12  show (see f i g u r e  
11-11] t h a t  i n c r e a s i n g  n i c k e l  c o n t e n t  d e c r e a s e s  mag- 
n e t i c  s a t u r a t i o n  v a l u e s  a t  room temperature and even 
more so a t  1112OF ( 6 O O O C ) .  I r o n   i n c r e a s e s   t h e   m a g n e t i c  
s a t u r a t i o n  a t  room t e m p e r a t u r e  a s  r e p o r t e d  i n  t h e  lit- 
e r a t u r e  ( ref .  1 1 - 2 2 ) .  However, t h e   i n f l u e n c e   o f   i r o n  
on magne t i c  s a tu ra t ion  is n e g l i g i b l e  a t  1112OF (6OOOC).  
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TABLE 11-18. Nominal  Compositions of Cobalt-Base Alloys 
Used in the Screening  Tests(a) 
- 
Alloy 
Number 
1-B-1 
1-B-2 
1-B-3 
I-B-4 
1-B-5 
1-B-6 
I -B-7 
1-B-8 
1-B-9 
1-B-10 
1-B-11 
1-B-12 
~- 
1-B-13 
1-B-14 
1-B-15 
I "_
1-B-21 
1 - R-22 
1-8-23 
1-8-24 
1-8-25 
1-B-26 
1-B-27 
1-B-28 
1-8-29 
1-B-30 
1-8-31 
. . - - -. " 
Nominal Alloy Composition 
(weight  percent) 
~ 
95C0-5Fe 
90Ca~5Ni-5Fe 
85Co-IONi-5Fe 
BOCo-15Ni-5Fe 
75Co-20Ni-5Fe 
70Co-25Ni-5Fe 
65Co-30Ni-5Fe 
85Co-5Ni-lOFe 
80C4-5Ni-15Fe 
75Co-SNi-20Fe 
70Co-5Ni-25Fe 
65Co-5Ni-30Fe 
". . ". . 
86Co-5Fe-5Ni-3Ti-lAl 
81Co-5Fe-lONi-3Ti-IIU 
76C0-5Fe-15Ni-3Ti-lAl 
~~ 
I 
. . " 
~~ " ". " . .. "" ~ __ 
76. 5Co-20Ni-2Ti-0.54-1. OZr 
77. 3Co-20Ni-ZTi-0.5A1-0.2Zr 
77.5Co-20Ni-2Ti-0.  5AI 
76Co-ZONi-3Ti-lAI 
71Co-5Fe-ZONi-3Ti-lAl 
66Co-lOFe-2ONi-3Ti-lAl 
81Co-15Ni-3Ti-lAl 
71Co-lOFe-15Ni-3Ti-lAl 
75. 7Co-5Fe-15Ni-3. 8Ti-0. 5 M  
76. 3Co-5Fe-15Ni-2.2Ti-1.  5Al 
76.6Co-5Fe-15Ni-l.4Ti-2. O A l  
". ".. ~ - . .  . 
Nominal Alloy  Composition 
(atomic  percent) 
94.74Co-5.26Fe 
84.52C0-4.99Ni-10.49Fe 
84. 73Co-lO.OlNi-5.26Fe 
79. 73Co-15.01  Ni-5.26Fe 
74. 73Co-20.01Ni-5.26Fe 
69.74Co-25.ONi-5.26Fe 
64.  74Co-30.ONi-5.26Fe 
84.52Co-4.99Ni-10. 49Fe 
79.  32Co-4.98Ni-15.  70Ni 
74.  17Co-4.98Ni-20. 67Fe 
69.OCo-4.96Ni-26. OFe 
64.2Co-4.96Ni-31. 1Fe 
" " - -" . ~ _ _ _  
84. 18Co-5.  16Fe-4.  91Ni-3.  61Ti-2.  14Al 
79.27Co-5. 16F~-9. 82Ni-3.6lTi-2.14Al 
74.  36Co-5.  16Fe-14.  73Ni-3.61Ti-2. 14M 
~ ". 
75.92Co-19.92Ni-2.44Ti-1.08Al-0.64Zr 
76. 49Co-19. 87Ni-2. 43Ti-1. 08Al-0. 1321- 
76.  G4C:o-19.  85Ni-2. 43Ti-1.08M 
74.55Co-19.69Ni-3.62Ti-2. 14A1 
69.  45Co-5.  16Fe-19.64Ni-3.61Ti-2.  14Al 
64.39Co-10.29Fe-19.  59Ni-3.60Ti-2.  13A1 
79. 47Co-14.  77Ni-3.62Ti-2. 14M 
69.28Co-10. 30Fe-14.69Ni-3.60Ti-2.13Al 
74.  37Co-5.  18Fe-14.  79Ni-4.59Ti-1.07M 
74.36Co-5.14Fe-14.67Ni-2.64Ti-3.19Al 
74. 35Co-5.  12Fe-14.62Ni-1.67Ti-4.24Al 
"~ 
( a )  A l l  alloys  listed  in  this  table  were made by  the  levitation  melting  technique  as  described in Section 11-B. 1 
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TABLE 11-18. Nominal  Compositions of Cobalt-Base  Alloys 
Used i n   t h e   S c r e e n i n g  Tes t s ( a )  (Continued) 
Nominal Alloy  Composition 
(weight  percent) 
75.8Co-5Fe-15Ni-2.2Ti-1.5Al-0.5Zr 
70. 8Co-5Fe-15Ni-2.2Ti-1.5Al-O.5Zr-5Cu 
70. 8Co-5Fe-15Ni-2.2Ti-1. 5A1-0.5Zr-5Mn 
73. 8Co-5Fe-15Ni-2. 2Ti-1. 5A1-0.  5Zr-2Si 
75. 3Co-5Fc-15Ni-2. 2Ti-1.  5A1-0. 5Zr- 
0.5Ee 
70. 8Co-5Be-15Ni-2. 2Ti-1. 5AI-0. 5Zr- 
5Cr 
70. 8Co-5Fe-15Ni-2. 2Ti-1.  5A1-0. 5Zr- 
5w 
70. 8Co-5Fe-15Nl-2. 2Ti-1.  5A1-0. 5Zr- 
5 Ta 
70. KO-5Fe-15Ni-2. 2Ti-1.  5A1-0. 521- 
5 Mo 
70. 8Co-5Fe-15Ni-2.2Ti-1. 5A1-0. 5Zr- 
5v 
70. 8Co-5Fe-15Ni-2. 2Ti-1.  5A1-0. 5Zr- 
5 M, 
71Co-5Fe-15Ni-2.2Ti-1.  5A1-0. 3Zr-5Ta 
73Co-5Fe-15Ni-2. 2Ti-1.  5A1-0. 3Zr-3Tn 
71. 7Co-5Fe-15Ni-I. 5Ti-1.  5A1-0. 3Zr- 
5 Ta 
76Co-5Fe-10Ni-2.  2Ti-1.5Al-0. 3Zr-5Ta 
"" ___-. " 
Nominal Alloy Composition 
(atomic  percent) 
73.99Co-5.15Fe-14.70Ni-2.64Ti-3.20Al- 
0. 32 Zr 
69.  36Co-5.  17Fe-14.  75Ni-2.65Ti-3.21Al- 
0 .  32Zr-4.54Cu 
68.87Co-5.  13Fe-14.65Ni-2.63Ti-3. 19Al- 
0. 31 Zr-5.22Mn 
70. 47Co-5.04Fe-14. 39Ni-2.  59Ti-3.  13Al- 
0. 31 Zr-4.07Si 
71.  57Co-5.02Fe-14. 31Ni-2.57Ti-3. 11Al- 
0. 31 Zr-3. 11 Be 
68. 66Co-5.  12Fe-14.  60Ni-2.63Ti-3.  18Al- 
0.  3 I Zr-5.  50Cr 
71. 48Co-5.  33Fe-15.20Ni-2.73Ti-3.  31A1- 
0.  33Zr-1.62W 
71. 46Co-5.  33Fe-15. 20Ni-2.  73Ti-3. 31" 
0.33Zr-1.64Ta 
70. 44Co-5.25Fe-14.98Ni-2.69Ti-3.26Al- 
0.  32Zr-3.06Mo 
0.  31 Zr-5.6OV 
68. 6Co-5. 11 Fe-14.  59Ni-2.  62Ti-3.  17A1- 
70.37Co-5.24Fe-14.97Ni-2.69Ti-3.26Al- 
0. 32Zr-3. 15Nb 
71. 62Co-5.  32Fe-15. 9Ni-2.  73Ti-3.  30Al- 
0.20 Zr-  1. 64Ta 
72. 6FCo-5.25Fe-14.98Ni-2.69Ti-3.26Al- 
0.19 Zr-O.97Tn 
72. 44Co-5.  33Fe-15.21Ni-1.  86Ti-3.  31Al- 
0.20Zr-l.65Tn 
76.  67'20-5. 32Fe-10.  13Ni-2.  73Ti-3.  31Al- 
0.20Zr-1.64Ta 
.. - 
- 
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TABLE 11-19. C o m p o s i t i o n  of 300-Gram V a c u u m  Arc Melted 
C o b a l t - B a s e   A l l o y s  1-B-V-1 t o  1-B-V-6 
(a) Nominal Composition (weight percent) 
TJT ~- 
15 
lo r 12 15 10 15 3 - A1 Alloy Nun1 be r Ti Zr 1 . 5  1.5 1 . 2  1 .4  1 .2  0 . 3  0 . 3  0 . 3  0 . 3  0 . 3  0 . 3  1-B-V-I 1-B-V-2 1-B-V-3 1-B-V-4 1-B-V-5 1-B-V-6 5 71.7 5 78.2 5 7 3 . 5  5 76 .3  5 8 0 . 5  1 .0  5 I 7 4 . 0  
(b) Analyzed Compos i l io~~  (weight percent) 
. .  
Fe 
5 . 0  
4 .8  
4 .9  
5 . 1  
5 . 0  
4 . 8  
. .  
~ 
Ta 
5.20  
3 . 0 7  
4.05  
5.19 
5.30 
" 
.~ 
AI 
1.44 
1.19 
1 .40  
1 .25  
1 .60  
_ _ _  
Alloy 
Nun) her Ti 
1.66 
"- ~~ 
<o. 2 
1. 07 
<o. 2 
0 . 2  
C c u  
0 .  29 
0 .018  
0.087 
0 .018  
0 .023  
0 .013  
Zr 
0.27  
0.27 
0 .26  
0 .26  
0 .27  
0 . 2 4  
W 
0 .  o ~ n  
0 .008  
0.029 
<o. 005 
0 . 1 1  
0. 12 
0.0030 
0.0036 
0.0039 
0.0045 
0.0047 
0.0046 
1-B-V-1 
1 - n - V - 2  
1 - 13-V-3 
1-B-V-4 
I-R-V-5 
1-R-V-6 
79 .2  
7 6 . 0  
10 .3  
11.9 
7 2 . 8  I 14.8  
9 .  85 
15.0 
7 7 . 0  
73. 8 
- 
3. 10 1 1 . 8 6  1 1. 19 
( c )  Analyzed Composition (atomic percent) 
F'jK 
i, 5.20  ; 
5.48  
5.35 lJal 
5.02 
Ti AI 
3 .  18 
2 .61  
. __ 
14.92 
1-13-V-1 
1-13-V-2 
1-L3-V-3 
1-B-V-4 
1-B-V-5 
1-B-V-6 
2 . 0 7  
1.32 3 . 0 8  
2.78 
3.55 
0. 17 
0. 18 
0. 15 4.  31 2 .02  
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TABLE 11-20. Composition of Final   Cobal t -Base Alloys 
Vacuum Induc t ion  Melted as 15-Pound I n g o t s  
(a) Nominal Composition (weight percent) 
~ ~" 
Alloy 
~~ 
Number Ce C B Be Zr Ti A I  Ta w co Ni Fe ". .~ ~ 
l-B-S-1 
- 0.001 0 . 1  0 .1  - 1.25  5.0 - 73.55 15 5 1-B-S-2 
- 0.001 - 0.2 - 1.25 5 .0  - 73.55 15 5 
(b) Analyzed Composition (weight percent) 
Alloy 
Number Be Z r  Ti A I  Ta W c o  Ni Fe - ~ - - 
1-B-S-1 
0.065 0.12 - 1.36  4.98 72.4 15.2  5.2 1-B-S-2 
- 0 . 2 1  - 1.28  4.98 71.3 15.3  5.8 q q z j  
0. 002 0. 0062 0.006 
(c) Analyzed Composition (atomic percent) 
Alloy 
Number Ce C B Be Z r  Ti A1 Ta W c o  Ni Fe 
l-B-S-1 - 0.14 - 2.84 1.65 bal 15.60 6.22 
1-B-S-2 - 0.43 0.08 - 3.00  1.64 bal 15.43  5.55 
- 
The a l l o y s  c o n t a i n i n g  a d d i t i o n  elements were subjected 
to  magnet ic  sa tura t ion  measurements  (see t a b l e  11-21)  
a t  room t empera tu re  a f t e r  annea l ing  fo r  one  hour  and  
quenching i n  o i l .  Then t h e  samples were aged   for   one  
hour a t  1292OF (7OOOC) t o  p r o v i d e  p r e c i p i t a t i o n  h a r d e n -  
ing and tested again a t  room temperature and a t  1112OF 
( 6 O O O C ) .  The measured   sa tura t ion   va lues  are p resen ted  
i n  t h i s  r e p o r t  a s  m a g n e t i c  moment p e r  gram ( 0 )  which 
may be c o n v e r t e d  t o  t h e  approximate saturat ion induc-  
t i o n  (B,) by t h e   e q u a t i o n  Bs = 41~06. The d e n s i t y  6 
was not   de te rmined   for  t h e  expe r imen ta l   a l l oys .  A 
va lue  of 8.8g/cc w a s  u sed  fo r  t h e  c o b a l t - b a s e  a l l o y s .  
I n  only a f e w  cases  d id  the  va lues  of  magnet ic  sa tu-  
r a t i o n  d i f f e r  n o t i c e a b l y  when measured a t  room temper- 
a ture   before   and  a f t e r  aging.  The r e s u l t s  ( t a b l e  1 1 - 2 1 )  
show t h a t  i n  t h e  more  complex a l l o y s ,  n i c k e l  a n d  i r o n  
have t h e  same relat ive i n f l u e n c e  on m a g n e t i c  s a t u r a t i o n  
as they   have   in  the t e r n a r y  a l l o y s .  All o the r  e l emen t s  
6 0  
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FIGURE 11-11. Influence of Iron and Nickel  on  the  Magnetic 
Saturation of Cobalt-5%  Nickel and Cobalt-5% 
Iron  Alloys  Respectively  (Alloys 1-B-2, 1-B-8 
1-B-12 and 1-B-1 to 1-B-7) 
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TABLE 11-21. Saturat ion Magnetic Moment of C o b a l t - B a s e  
A l l o y s  w i t h  A d d i t i o n s   ( a )  
Alloy 
Number 
1-B-13 
1-B-14 
1-B-15 
1-B-21 
1-8-22 
1-B-23 
1-B-24 
1-B-25 
1-B-26 
1-B-27 
1-B-29 
1-B-31 
1-8-28 
1-B-30 
1-8-32 
1-B-33 
1-B-35 
1-8-34 
1-B-36 
1-B-37 
1-B-38 
1-B-39 
1-B-41 
1-B-42 
1-B-44 
1-B-45 
1-B-40 
1 - B-43 
1-B-46 
Nominal Alloy  Composition 
(weight  percent) 
86Co-5Fe-5Ni-3Ti-lAl 
76C0-5Fe-15Ni-3Ti-lAl 
81Co-5Fe-lONi-3Ti-lAl 
76.5Co-20Ni-2Ti-lZr-0.5AI 
77.3Co-20Ni-2Ti-O.2Zr-0.5Al 
77.5Co-20Ni-2Ti-0.5AI 
76Co-20Ni-3Ti-lAI 
71Co-20Ni-3Ti-lA1-5Fe 
66Co-20Ni-3Ti-lAI-lOFe 
81Co-15Ni-3Ti-lAI 
71Co-15Ni-3Ti-lAl-lOFe 
75.7Co-15Ni-3.8Ti-0.5A1-5Fe 
76.3Co-15Ni-2.2Ti-1.5A1-5Fe 
76.6Co-15Ni-1.4Ti-2.OA1-5Fe 
75.8Co-15Ni-5Fe-2.2Ti-1.5A1-0.5Zr 
70.8Co-15Ni-5Fe-2.2Ti-1.5A1-0. 5Zr-5Cu 
70.8Co-15Ni-5Fe-2.2Ti-1.5AI-0.5Zr-5Mn 
73.8Co-15Ni-5Fe-2.2Ti-1.5A1-0.5Zr-2Si 
75.3Co-15Ni-5Fe-2.2Ti-1.5A1-0.5Zr-O. 5Be 
70.8Co-15Ni-5Fe-2.2Ti-1.5A1-0.5Zr-5Cr 
70.8Co-15Ni-5Fe-2.2Ti-l.5A1-0.5Zr-5W 
70.8Co-15Ni-5Fe-2.2Ti-1.5A1-0. 5Zr-5Ta 
70.8Co-15Ni-5Fe-2.2Ti-1.5A1-0.5Zr-5Mo 
70.8Co-15~ii-5Fe-2.2Ti-l.5A1-0.5Zr-5V 
T Saturation  Magnetic Moment (emu/g)tb) 
After  Anneali~ 
One Hour at 
2012°F  (1100Y 
Tested at Roo 
Temperature 
146 
142 
136 
128 
13 1 
132 
124 
128 
134 
128 
137 
132 
134 
136 
133 
124 
122 
120 
128 
99 
117 
116 
110 
103 
109 
119 
124 
122 
123 
~~ ~~ 
After  Agin 
1292"I 
Tested at Room 
Temperature 
- 
142 
137 
132 
128 
132 
132 
123 
128 
134 
128 
137 
13 1 
133 
136 
132 
125 
122 
118 
128 
99 
115 
116 
107 
97 
108 
117 
122 
122 
122 
~~~ 
One Hour at 
700°C) 
Tested at 
11 12°F (600°C) 
" 
109 
106 
102 
105 
108 
102 
100 
100 
100 
103 
102 
104 
103 
104 
103 
93 
65 
79 
97 
32 
84 
90 
70 
62 
82 
90 
95 
94 
93 
(a) For the saturation  magnetic moment of binary  and  ternary  cobalt  alloys  see  Figure  11-11. 
(b) To convert  saturation  magnetic moment to  the approximate induction in gauss, multiply  the 
listed  value by 110. 
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added t o  form t h e  complex a l loy  r educe  the  magne t i c  
s a t u r a t i o n  a t  both  room and  e l eva ted  t empera tu res  as 
compared t o  t h e  s i m p l e  t e r n a r y  a l l o y s .  A t  room t e m -  
p e r a t u r e ,  t h e  i n f l u e n c e  o f  chromium, columbium and 
vanadium are most pronounced i n  r e d u c i n g  t h e  m a g n e t i c  
s a t u r a t i o n  (see t a b l e  1 1 - 2 1 ) .  A t  1112OF (6OO0C) ,  t h e  
in f luence  o f  chromium is  by f a r  t h e  g r e a t e s t  of a l l  
addi t ion   e lements .  Manganese  and  vanadium  have a s t r o n g  
i n f l u e n c e  a t  th i s   t empera tu re .  The e f f e c t  o f  t h e  o t h e r  
e lements  on  magnet ic  sa tura t ion  w e r e  ba l anced  aga ins t  
t h e i r  e f f e c t  o n  s t r e n g t h  f o r  t h e  a n a l y t i c a l  e v a l u a t i o n .  
The hardening  response  of  a l loys  to  which  the  var ious  
e l emen t s  and combinations of e l e m e n t s  were added w a s  
determined by i sochrona l  ag ing  (see s e c t i o n  I I . B . 4 . ) .  
Samples were aged for  one hour  a t  each 90°F ag ing  in -  
t e r v a l  from 932OF ( i n  t h e  case o f  t h e  l e v i t a t i o n  m e l t s )  
o r  1202OF ( f o r  t h e  l a r g e r  melts) t o  1382OF o r  1472OF.  
Vickers  pyramid hardness  and coercive force were meas- 
ured a t  room temperature  af ter  each one-hour  aging in-  
t e r v a l .  
Data  obta ined  f rom severa l  representa t ive  cobal t -base  
a l l o y s  are p l o t t e d  i n  f i g u r e  11-12 .  The maximum v a l u e s  
of room temperature hardness,  which were measured dur- 
i n g  t h i s  ag ing  sequence ,  a re  l i s t ed  i n  t a b l e  11-22  t o -  
gether  with the aging temperature  where maximum hard- 
ness  w a s  ob ta ined .  The  room t empera tu re   coe rc iv i ty  i s  
l i s t ed  f o r  t h e  same aging  temperature .  The d a t a   i n d i -  
cate t h a t  h i g h e r  n i c k e l  c o n t e n t ,  when add i t ion  e l emen t s  
r ema in   cons t an t   r e su l t   i n   h ighe r   ha rdness   va lues .  A 
decrease i n  t h e  aluminum t o  t i t a n i u m  r a t i o ,  when t o t a l  
A l + T i  exp res sed  in  a tomic  pe rcen t  s t ays  cons t an t ,  a l so  
r e s u l t s  i n  an   i nc rease   i n   ha rdness .   Th i s   ag rees   w i th  
t h e  r e s u l t s  ob ta ined  by Mihal is in  and Decke r  f o r  ter- 
nary N i - A l - T i  a l l oys   ( r e f .   11 -23] .  The a d d i t i o n   o f  
i r o n  d e c r e a s e s  t h e  h a r d n e s s  i f  t h e  o t h e r  a d d i t i o n s  re- 
main cons tan t .   Addi t ion  of z i rconium a l s o   i n c r e a s e s  
h a r d n e s s .   E v a l u a t i o n   o f   t h e   r e s u l t s   f r o m   a l l o y s  1-B-32 
t o  1-B-42 show t h a t  a d d i t i o n s  o f  B e ,  W ,  T a ,  M o ,  and N b  
i n c r e a s e   t h e  maximum ha rdness   va lue   subs t an t i a l ly .  On 
t h e  o t h e r  h a n d  t h e  a d d i t i o n s  o f  Cu, S i ,  and V produce 
only  a moderate  increase of  hardness .  If Mn o r  C r  are 
added t o  a similar Co-Ni-Fe  mat r ix  wi th  t h e  A1 and T i  
add i t ions ,  l ower  ha rdness  va lues  a re  ob ta ined  than  the  
composi t ions  in  the  absence  of  Mn o r  C r .  
I t  may b e  n o t e d  i n  t a b l e  1 1 - 2 2  t h a t  t h e  t e m p e r a t u r e  a t  
which maximum hardness  was ob ta ined  du r ing  i sochrona l  
aging changed as t h e  a l l o y i n g  a d d i t i o n s  were changed. 
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FIGURE 11-12. Hardness and Coercive  Force of Representative  Cobalt-Base  Alloys 
at Room Temperature  After  Aging  One  Hour  at  Temperature 
TABLE 11-22.  Results of Isochronal  and  Isothermal  Aging  Tests on 
Levitation-Melted  Cobalt Base Alloys 
I Tcnlperature 
M ~ X I I U U ~ I  Tenlperature i 
I Room 1 
Room 
ROOIII ' Coercloitv I Room Temperature 
! Hardness 1 Tenlueraturel at Mammunl 1 Temueralure Coerci\.itv 
Discontinuous , 
Precipitate 
percent) 
(volume 
1-B-15 
1-8 -14  
1 -8 -21  
1-8-23 
1-8-24 
~ ~ . ~ C O - ~ O N I - ? T I - O . ~ A I - ~ Z ~  
77.3Co-20N1-?T1-0.jAl-O 2Zr
77.5Co-20N1-2T1-0.jAI 
1 1292 
' 1202 
~ 1292 700 ~ 329 7.65 : 346  15.1 1 4 
700 
700 
650 
700 
700 
700 
700 
700 
700 
650 
700 
650 
600 
600 
750 
650 
750 
750 
700 
630 
is0 
- 
-
750 
750 
750 
750 - 
309 ' 5.00 ' 331 
280 3.03 325 ' 10.8 
351 
11.0 3 
13 
15.2 i 17 321 
290 
270 
310 
258 
303 
239 
I 6.41 
, 4 3  , 3.3 
3.8 
3.4 
76Co-20N1-3T1-1AI 
66Co-20N1-10Fe-3T1-1Al 
~ ~ C O - ~ O N I - ~ F C - ~ T I - ~ A I  
71Co-15N1-10Fe-3T1-1Al 
81Co-15N1-3T1-1AI 
75.7Co-15Ni-5Fe-3  TI-0 5AI 
76.6Co-15Ni-SFe-1.4Ti-2.OAl 
76.3Co-15Ni-5Fe-2  2TI-1.5AI 
I 1292 
I-B-E j 1-8-26 
1-8-27 I 
' 1292 
~ 1292 
1292 
332 ' 7.0 6 
310 i 5.0 
325 
289 ' 
15. 1 
4. 7 
269 ! 4.6 
221  3.0 
340 1 10.0 
2 
9 
1 '  
5 
0 
1 
0 
0 
0 
1 
0 
1 
0. 
0 
0 
0 
0 
0 
0 
0 
1292 
1292 
1202 
I 1292 
1-8-28 
1 - 8-30 
1-8-31 
1-8-32 
1-8-33 1 70.8Co-ljN1-jFe-2 T1-1.5Al-O.5Zr- 
75.aCo-15Ni-5Fe-2  2TI-l.jAI-0. 5Zr ' 1292 
scu 
1-8-44 1 5Mn 70.8Co-ljN1-jFe-2.2T1-1.jAl-O.jZr. 
1-B-35 ' 73.8Co-l5N1-5Fe-2.2T1-1.5Al-O.jZr-~ 
I 3.5 
1.9 209 
i 3.1 
t-" 2G4 i 3.8 
I 
297 
280 I 4.0 i 301 
224 j 2.5 
I 
8.7 
17.0 
29.0 
82.0 
8.4 
10.5 
19.0 
32.0 
38.0 
93.0 
.~ 
1202 
Ill2 
1112 
1382 
1202 
1382 
1382 
1292 
1202 
1382 
282 
377 
269 
378 
420 
293 5.0 
353 I 42.0 
256 
~ 3.0 
~ 
2SI 
75.3Co-15N1-jFe-2.2T1-l.jAl-0 5Zr -  
70.8Co-15N1-5Fe-2.2Ti- I .  5A1-0.5Zr- 
0.58e 
1-8-36 
1-8-37 
I - f l - 3 ~ 3  
1-8-39 
1-8-40 
1-8-41 
1-0-42 
I-B-43 
1 - 8-44 
1 - 8 - 4 5  
I-B-4ti  
5Cr 
70 ~ ~ C I I - ~ ~ N I - ~ F ~ - ? . ~ T I - ~ . ~ A ~ - O . S Z ~ -  
5W 
70 8Co-1jN1-jFe-2.2T1-1.jAl-O 5 L r -  
328 ' 5.3 
1 
! 
i 
i 
1 
330 
~ 5.85 389 
287 : 3.3 I 337 
43? 20 0 ' 440 
"" f". 
5 Ta 
~ O . ~ C O - ~ ~ N I - ~ F E - ~ . ~ T I - ~ . ~ A I - O . ~ Z ~ -  
5Mo 
70 8Cr1-ljN1-5Fc-2  TI-l.5AI-0 5Zr- 
i V 
i o  ~ ( ' , I - I ~ N I - ~ F ~ - ~ . ~ T I - ~ . ~ A ~ - O  5Zr- 
5x1, 
383 7.1 
I 
I r 
I I 
393 I 7.2 422 ' 34.0 
339 ' 4.9 1 402 21.0 
385 420 22.0 
380 1 ::: I 431  28.5
t ~- 71Co-15N1-5Fe-2.2T1-1.5Al-0 3Zr- , 
73Cu-lj?I1-SFe-2. 2TI-1.5AI-0. 3Zr- 
5Ta 1382 
3 Tn 1 1382 
71 7Co-15%-SFe-l.5T1-1 :AI- 1 
1 
Additions of Mn, S i ,  C r ,  and V r e d u c e d  t h i s  t e m p e r a t u r e ,  
whi le  B e ,  W, Ta and Nb a d d i t i o n s  increased th i s  t emper -  
a t u r e  to 1382OF (75OOC). A v e r y   l a r g e  coercive force 
value i s  a s s o c i a t e d  w i t h  t h e  maximum h a r d n e s s  v a l u e s  i n  
al%oys wi th  Be and Nb a d d i t i o n s .  One might  conclude 
that t h e s e  effects depend on the solubilities o f  t h e  
added elements which are i n  t u r n  d e p e n d e n t  o n  t h e  vari- 
ous combinations of elements. However, a c o n t r i b u t i o n  
arise.; from the  change  in  s t r eng th  and  cohe rency  s t r a ins  
of t h e  p r e c i p i t a t e  when i t s  composi t ion is a l t e r e d  by 
the  p re sence  of d i f f e r e n t  e l e m e n t s .  
After isochronal aging,  most of  t he  samples were homog- 
eq ized  by a double  hea t - t rea tment  and  i so thermal ly  aged 
as desc r ibed  i n  s e c t i o n  I I . B . 4 .  The samples were aged 
a t  1292°F (790'C) f o r  1 0 0  hours .  Room temperature   hard-  
ness  and coercive f o r c e  were measured a t  several i n t e r -  
vals  and a f t e r  1 0 0  h o u r s .   P l o t s  of t h e   r e s u l t s   f r o m  
g e v e r d   t y p i c a l   a l l o y s  are shown i n   f i g u r e  11-13.  The 
long aging  t rea tments  produce  h igher  hardness  and  coer -  
c i v e  f o r c e  v a l u e s .  I n  t h e  case of Ta  and N b  a d d i t i o n s  
ha rdness   i n   excess   o f  400 VHN was a t t a i n e d .  The room 
t e m p e r a t u r e  c o e r c i v e  f o r c e  o f  t h e  a l l o y s  c o n t a i n i n g  B e  
o r  Nb a d d i t i o n s  were as high as 82 o r  93 o e r s t e d s .  No 
overaging w a s  obse rved  in  any  of those a l l o y s  d u r i n g  
aging a t  1292OF ( 7 O O O C ) .  
b. SELECTION AND EVALUATION  OF INTERMEDIATE VACUUM 
ARC MELTED ALLOYS 
A compar ison  of  the  da ta  obta ined  f rom the  screening  
tests of t h e  cobalt-base a l l o y s ,  l i s t e d  i n  t a b l e s  II- 
2 1  and 11-22  w i t h  t hose  f rom the  sc reen ing  tests of t h e  
m a r t e n s i t i c  i r o n - b a s e  a l l o y s  (tables 11-10 and 11-11] 
showed tha t  hardness  va lues  and  va lues  of  magnet ic  
s a t u r a t i o n  o f  t h e  coba l t -base  a l loys  were s u b s t a n t i a l l y  
lower. However, t h e  temperature  a t  which  the maximum 
hardness  w a s  ob ta ined  w a s  much h i g h e r ;  i n  some i n -  
s tances  even  1382'F (75OoC),  which  indicates t h a t  t h e  
p e r m i s s i b l e  s e r v i c e  t e m p e r a t u r e  i n  t h i s  t y p e  of a l l o y  
may be  270°F  higher  than the  m a r t e n s i t i c  a l l o y s .  Under 
these  c i rcumstances ,  it a p p e a r e d  f r u i t f u l  t o  s t u d y  t h i s  
s y s t e m  f u r t h e r  i n  s p i t e  o f  t h e  i n f e r i o r  v a l u e s  of rnag- 
ne t ic  sa tura t ion  and  hardness  compared  to  the  mar ten-  
s i t i c  a l l o y s .  
If a super f ic ia l  compar ison  of  hardness  and  magnet ic  
s a t u r a t i o n  v a l u e s  o b t a i n e d  i n  t h e  expe r imen ta l  a l loys  
is made wi th  those  of  the f i n a l  commercial Nivco a l l o y ,  
one might  conclude that  no substant ia l  improvement  w a s  
o b t a i n e d  i n  t h e  e x p e r i m e n t a l  a l l o y s .  The va lue  of mag- 
n e t i c  s a t u r a t i o n  i n d u c t i o n  o f  N i v c o  a l l o y  a t  1112'F 
( 6 O O O C )  was Bs = 11,000  gauss (0 = 100 emu/g). 
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The hardness  value i n  t h e  f i n a l  hea t  t rea tment  condi -  
t i o n  w a s  about  320 t o  340 VHN. N o  expe r imen ta l  a l loys  
a t t a ined  ha rdness  and  sa tu ra t ion  va lues  wh ich  w e r e  si- 
multaneously larger than  these  va lues  fo r  N ivco  a l loy .  
However, such a comparison neglects  two impor tan t  facts. 
F i r s t ,  t h e  h a r d n e s s  i n  t h e  N i v c o  a l l o y  material i s  ob- 
ta ined  by  a l e n g t h y  h e a t  t r e a t m e n t  a n d  c a n  i n  n o  way 
be compared t o  h a r d n e s s  v a l u e s  o b t a i n e d  by t h e  r a t h e r  
s imp12  aging  t reatment   appl ied  during  this   s tudy.   There-  
fore, a sample of Nivco alloy w a s  h e a t  t r e a t e d  a c c o r d -  
i n g  t o  the  ag ing  rout ine  used  throughout  the  present  
program. I n  t h i s  case the   hardness   ob ta ined   in   Nivco  
a l loy  r eached  on ly  300 VHN a f t e r  t h e  i s o t h e r m a l  a g i n g  
of 100 hours  a t  1292OF ( 7 O O O C ) .  Secondly,   one  should 
n o t  n e g l e c t  t h e  fact  t h a t  Nivco a l l o y  c o n t a i n s  a b o u t  
1 5  p e r c e n t  d i s c o n t i n u o u s  p r e c i p i t a t e  a f t e r  i t s  f i n a l  
hea t   r ea tmen t .  Such d i scon t inuous   p rec ip i t a t e   con -  
t r i bu te s  to  the  measu red  va lues  o f  ha rdness  and  shor t  
t i m e  t e n s i l e   s t r e n g t h   ( r e f s .  11 -24  and  11-25). I t  is ,  
however ,  de t r imenta l  to  long- te rm creep  s t rength .  
A requirement  was es tab l i shed  dur ing  the  deve lopment  
of   the  screening  program. N o  d i s c o n t i n u o u s   p r e c i p i t a t e  
w a s  t o l e r a t e d  a f t e r  i s o t h e r m a l  a g i n g  f o r  1 0 0  h o u r s  a t  
1292OF ( 7 O O O C ) .  A simple  comparison  of t h e  hardness  
o f  an  a l loy  hav ing  no  d i scon t inuous  p rec ip i t a t e  t o  a 
Nivco al loy sample with 1 0  o r  15  pe rcen t  d i scon t inuous  
p r e c i p i t a t e  is therefore   meaningless .  However, t h e  
c r e e p  s t r e n g t h  o f  a n  a l l o y  w i t h  t h e  same or  even lower 
hardness  w i t h  no  d i scon t inuous  p rec ip i t a t e  may b e  f a r  
s u p e r i o r  t o  t h e  c r e e p  s t r e n g t h  o b t a i n e d  i n  Nivco a l l o y  
p rov ided  tha t  t h e  o t h e r  p a r a m e t e r s  a r e  similar. 
A f u r t h e r  improvement of some of t h e  exper imenta l  a l -  
l oys  i s  i n d i c a t e d  by the  tempera ture  a t  which  the  maxi- 
m u m  hardness  was obta ined  dur ing  t h e  i sochronal  ag ing .  
A temperature  of 1202OF (65OOC) was o b t a i n e d  f o r  t h e  
Nivco a l loy   sample .   In  some o f   t he   expe r imen ta l   a l l oys ,  
t h i s   t e m p e r a t u r e  was as   h igh  as 1382OF ( 7 5 0 O C ) .  Using 
t h i s  t e m p e r a t u r e  p a r a m e t e r  a s  t h e  c r i t e r i o n ,  a l l o y  
s e l e c t i o n  was conf i rmed to  1-B-36,  1-B-38,  1-B-39, 
and 1-B-42 t o  1-B-46.  
These a l loys   exh ib i t ed   h igh   ha rdness   va lues .  However, 
t h e  m a g n e t i c  s a t u r a t i o n  v a l u e s  a t  1112OF (6OOOC) w e r e  
less than   tha t   o f   Nivco   a l loy .  The c o e r c i v e   f o r c e  
va lues  measured  in  a l loys  1-B-36 and 1-B-42 a f t e r  i s o -  
t h e r m a l   a g i n g   a t  1292OF (7OOOC) were high.  The d a t a  
i n d i c a t e s  t h a t  t h e  a d d i t i o n  o f  T a + T i + A l  t o  t h e  c o b a l t -  
b a s e   a l l o y s  w e r e  t h e  most b e n e f i c i a l .  I t  i s  i n t e r e s t -  
i n g  t o  n o t e  t h a t  a combinat ion of  the same elements  
produced the best r e s u l t s  i n  t h e  m a r t e n s i t i c  a l l o y s .  
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T h i s  r e s u l t  warrants more c a r e f u l   a n a l y s i s .  A more 
d e t a i l e d  a n a l y s i s  o f  t h i s  o b s e r v a t i o n  f o l l o w s .  
The a d d i t i o n  of 2.2Ti+1.5A1+0.3 t o  0.5Zr  (nominal 
w e i g h t  p e r c e n t )  t o  t h e  c o b a l t - b a s e  a l l o y s  was the  most  
effect ive for  provid ing  h igh-hardness  wi thout  d i scon-  
t i n u o u s   p r e c i p i t a t e .  The f u r t h e r   a d d i t i o n   o f  0.5Be, 
5W, 5Fa, o r  5Nb i n c r e a s e d  maximum hardness and temper- 
a t u r e  d u r i n g  i s o c h r o n a l  a g i n g  a n d  a l s o  i n c r e a s e d  t h e  
h a r d n e s s  a f t e r  i s o t h e r m a l  a g i n g  f o r  1 0 0  hours  1292OF 
(7OOOC). The i n c r e m e n t s   i n   h a r d n e s s ,   t o g e t h e r   w i t h  
t h e  a s s o c i a t e d  i n c r e m e n t  i n  c o e r c i v e  f o r c e  a n d  d e c r e -  
ment i n  m a g n e t i c  s a t u r a t i o n  w i t h  r e f e r e n c e  t o  a l l o y  
1-B-32, a r e  l i s t e d  i n  t a b l e  11 -23 .   In   o rde r   t o   l ea rn  
wh ich  o f  t he  add i t ions  inc rease  ha rdness  wi th  the  least  
reduct ion  of  magnet ic  sa tura t ion  and  w i t h  t h e  least  
i n c r e a s e  o f  c o e r c i v e  f o r c e ,  t h e  r a t i o s  o f  t h e  i n c r e -  
ments are a l s o  l i s t e d  i n  t h i s  t a b l e .  The h i g h e s t  ra- 
t i o  of  hardness  increment  to  saturat ion decrement  was 
o b t a i n e d   f o r  t h e  bery l l ium  addi t ion .   Tanta lum showed 
t h e  n e x t  h i g h e s t  r a t i o  and t h e  t u n g s t e n  a d d i t i o n  w a s  
the   lowes t .  The h i g h e s t   r a t i o   o f   h a r d n e s s   i n c r e m e n t  
t o  c o e r c i v e  f o r c e  inc remen t  was o b t a i n e d  f o r  t h e  t u n g -  
s t e n  a d d i t i o n ;  t a n t a l u m  was next  and  bery l l ium was  by 
f a r   t h e   l o w e s t .  The t a n t a l u m   a d d i t i o n ,   t h e r e f o r e ,  i s  
t h e   b e s t   c h o i c e .  These r a t i o   v a l u e s   d e f i n i t e l y   d e -  
pend  on t h e  amount  of t h e  a l l o y i n g   a d d i t i o n s .   F o r  
t h i s  r e a s o n  e x t r a p o l a t i o n  o f  t h i s  t y p e  o f  p r e f e r e n c e  
must be made wi th  caut ion  if a n  apprec iab le  change  i s  
made i n  t h e  amount  of t h e  a l l o y i n g  a d d i t i o n .  
The 1-B-39 al loy remains too low i n  m a g n e t i c  s a t u r a -  
t i o n  - about 1 0  percent  lower than Nivco al loy,  while  
i t s  hardness   va lues   appear   qu i te   h igh .  The r e s u l t s  
obtained from al loys 1-B-43 t o  1-B-46 should  show which 
e lement  might be reduced t o  g i v e  t h e  l a r g e s t  i n c r e a s e  
i n  m a g n e t i c  s a t u r a t i o n  a s s o c i a t e s  w i t h  t h e  s m a l l e s t  
s a c r i f i c e   i n   h a r d n e s s .   T h e s e  r e s u l t s  were a n a l y z e d   i n  
a manner similar t o  t h a t  d e s c r i b e d  a b o v e  f o r  a l l o y s  
1-B-36,  1-B-38,  1-B-39,  and 1-B-42.  The increments  
and decrements  for  a l loys 1-B-44 t o  1-B-46  w i t h  r e f e r -  
e n c e  t o  a l l o y  1-B-43 a n d  t h e  v a r i o u s  r a t i o s  are l i s t e d  
i n  t a b l e  11-23. I n  t h i s  case ,   the   reduct ion   of   e lements  
which  produces t h e  l o w e s t  v a l u e s  i n  r a t i o s  was r equ i r ed .  
I t  was shown t h a t  t h e  r e d u c t i o n  o f  t h e  t i t a n i u m  c o n t e n t  
i nc reased  t h e  s a t u r a t i o n  w i t h  t h e  s m a l l e s t  s a c r i f i c e  i n  
s t r e n g t h  . 
With t h e s e  r e s u l t s  t h e  a l l o y  c o m p o s i t i o n s  f o r  t h e  300- 
gram but ton  melts could  be  chosen. A s  mentioned  above, 
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TABLE  11-23.  Increments  and  Decrements of Room  Temperature  Properties of 
Alloys  1-B-36,  1-B-38,  1-B-39,  1-B-42,  and  1-B-44  to  1-B-46 
:hanges in  Selected  Alloys  Relative  to  Alloy 1-B-32 (75.8Co-15Ni-5Fe-2.2Ti-1.5A1-0.5Zr) 
Alloy 
'lumber 
1-B-36 
1-B-38 
L-B-39 
1-B-42 
I
Change In 
:omposition 
( A  Comp. 
in in  nominal 
Change 
percent) ( A  u ) 
+o. 5Be 
+ 5 w  
- 6  
- 19 
+ 5Ta - 13 
+5Nb - 21 
weight Saturation 
Effect of Isochronal Aging  One 
at 1292"F(7 Hour a t  1382"F(750°C) 
Effect of Isothermql A 
Change  in 
Change in Change in Change in Coercive 
Hardness 
Aging 100 After Aging Force  After After Aging 
Force After Hardness  Coercive 
1 Hour Aging 1 Hour bA?) (dt$l)(b) 100 Hours  Hours ( A  HI) ( A  Hcl) (AHc100)  (AH100) 
+ 89 +38.2 14.8 2. 33 80 73.3 
+ 64 + 1.5, 3.4 42.8 
+119 
81 1.8 
+ 3.3 9. 1 36.0 123 10.3 
+ 169 + 16.2 8. 1 10.5 143 84.3 
:ing 100 Hours 
 
I 
13.3 
1.7 6.9 
12  9.5 
45 3.4 
1. 1 
C h a n g e s  in Selected Alloys Relative  to Alloy 1-B-43 (71Co-15Ni-5Fe-2.2Ti-1.5Al-O.3Zr-5Ta) 
L-B-44 -2Ta 
1.63 3 - 5.5 + 9  43 4.3 - 0.3 - 13 + 3  1-B-46 -5Ni 
1.5 
0.17 0.5 - 12 - 2  20 2 - 0.4 - 8   + 4  1-B-45 -0.7Ti 4 - 13 - 20 23 10.8 - 2.3 - 54 + 5  
(a) Increment in hardness  per  unit  decrement in saturation. (Indication of hardening 
effectiveness of element  compared its reducing  action on saturation. ) 
(b) Increment in hardness   per  unit decrement in coercive  force. (To determine 
which  element  promotes  hardening with the  smallest  increase in coercive  force. ) 
some u n c e r t a i n t i e s  e x i s t e d  c o n c e r n i n g  t h e  a c t u a l  amount 
of  a l loy  composi t ion  of t h e  l e v i t a t i o n  melts: and sec- 
ondly,  some adjus tment  of  composi t ion  appeared  des i rab le  
t o  o b t a i n  a n  e v e n  b e t t e r  b a l a n c e  of m a g n e t i c  s a t u r a t i o n  
and   ha rdness   t han   ob ta ined   i n   a l l oy  1-B-45. The re fo re ,  
t h e  s i x  a l l o y s  for  t h e  larger melts were chosen t o  cover  
a range of  composi t ion with the composi t ion of 1-B-45 
as the   uppe r  l i m i t .  From these   composi t ions   equat ions  
were c b t a i n e d  t o  d e f i n e  t h e  l i n e a r  r e l a t i o n s h i p  b e t w e e n  
p rope r t i e s  and  the  we igh t  pe rcen t  add i t ions  of N i ,  A l ,  
T i ,  and Ta while  keeping Fe f i x e d  a t  f i v e  w e i g h t  p e r -  
cent  and Z r  a t  0 .3  weight  percent  nominal  addi t ion .  
The limits l i s t ed  below were chosen on the assumption 
t h a t  w i t h i n  t h e s e  n a r r o w  limits t h e  i n d e p e n d e n t  l i n e a r  
r e l a t i o n s h i p  was a ju s t i f i ed   approx ima t ion .   Fu r the r -  
more, t h e  p r e v i o u s  r e s u l t s  i n d i c a t e d  t h a t  t h i s  r a n g e  
i s  s u f f i c i e n t  t o  v a r y  t h e  s a t u r a t i o n  by  more than  20  
p e r c e n t :   n i c k e l ,  1 0  t o  15 w e i g h t   p e r c e n t ;   t i t a n i u m ,  
0 t o  15  weight  percent;  aluminum, 1 . 2  t o  1 . 5  w e i g h t  
percent :   and  tantalum, 3 t o  5 weight   percent .   Again 
t h e  va lues  o f  e l emen t  add i t ions  in  the  a l loys  co r re s -  
pond wi th  t h e  limits of v a r i a t i o n  e x c e p t  f o r  o n e  a l l o y  
which  has a compos i t ion  co r re spond ing  to  the  cen te r  o f  
t h e  r a n g e s   o f   v a r i a t i o n .  The composi t ions of the   vac-  
uum-arc me l t ed  coba l t -base  a l loys ,  1-B-V-1 through 
1-B-V-6, a r e  l i s t e d  i n  t ab le  11-19 .  
The ha rdness   and   coe rc ive   fo rce   ( t ab le  1 1 - 2 4 ]  r e s u l t s  
ob ta ined  from t h e s e  300-gram button vacuum-arc melts 
i n d i c a t e  t h a t  t h e  a l l o y s  were chosen  success fu l ly .  
The analyzed composi t ions of  the s ix  vacuum-arc melted 
coba l t -base   a l loys   ( t ab le   I I -19 .b )  were i n  c l o s e  a g r e e -  
ment with t h e  nominal  compositions.  The only  excep- 
t i o n s  were tantalum which was g e n e r a l l y  0 . 1  t o  0 . 2  
weight  percent  h igher  than  expec ted  and  t i t an ium which  
was genera l ly  about  0 . 1  we igh t  pe rcen t  h ighe r .  
The resu l t s  of  magnet ic  sa tura t ion  measurements  made 
on samples from the 300-gram b u t t o n s  are l i s t e d  i n  
t a b l e  11-25. S a t u r a t i o n  of the  aged  samples  was  meas- 
u r e d  a t  room temperature ,  1112OF ( 6 O O O C )  and 1202OF 
(65OOC). S imples   o f   t he   coba l t   a l l oys  were annealed 
fo r  one  hour  a t  2012OF (llOO°C)  and  aged fo r  one  hour  
a t  1292OF (700OC) b e f o r e  t e s t i n g .  
Resu l t s  ob ta ined  from coercive force measurements on 
samples of the 300-gram b u t t o n s  are shown i n  t a b l e  II- 
26.  Coercive  force-was  measured a t  severa l   t empera-  
t u r e s .  Two samples were taken   f rom  each   of   the   cobal t  
a l loys   for   measurements .  One sample w a s  aged   for   one  
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TABLE 11-24. Maximum  Hardness  Obtained by the  Isochronal 
Aging of Vacuum Arc Melted  Cobalt-Base 
Alloys 1-B-V-1 to 1-B-V-6 
Alloy 
I-B-V- 1 
1-B-V-2 
1-B-V-3 
1-B-V-4 
1-B-V-5 
I-B-V-6 
I 
Nominal Alloy Composition 
- (weight "~ percent) - -~ ~ ~ 
71.7Co-5Fe- 15Ni- 1.5Ti-  1.5AI-0.3Zr- 
80.5Co-5Fe- 10Ni- 1.2A1-0.3Zr-3Ta 
5 T a  
76.3Co-5Fe- 12Ni- 1. OTi- 1.4A1-0.3Zr- 
4Ta 
73.5Co-5Fe- 15Ni- 1.2Al-0.3Zr-5Ta 
78.2Co-5Fe- 10Ni- 1.5A1-0.3Zr-5Ta 
3Ta 
74Co-5Fe- 15Ni- 1.5Ti-  1.2A1-0.3Zr- 
Aging Temperature 
a t  Which Maximum 1 Total Room Temperature Aging.. . 
Hardness w& Obtained TimeQ' 
(OF) I ("C) (hours) 
1 I 
1382  7 50 6 
1382 
1382 
7 50 
7 50 
6 
6 
1382 
1382 I I 7 50 6 
1382 
Maximum 
Temperature 
Hardness 
Temperatur 
Room 
Coercivity a 
Maximum 
(oersteds) 
Hardness 
4.7 
3 23 
303 1 3 . 9  3.6 
3 13 3.4 
I 
I (a) Total aging  time  may be determined by adding  one  hour  time  for  each  90°F (50") increment  in  temperature starting at 842°F ! !O"C). 
TABLE 11-25. Magnetic  Moment of 300-Gram Vacuum  Arc  Melted 
Cobalt-Base  Alloys  1-B-V-1  to  1-B-V-6 
Number 
All<y 
T 
I-n-v-1 
I-B-V-2 
I - B - V - 3  
I-B-V-4 
I-B-V-5 
I-B-V-6 
I Annealing 
1 Saturation  Magnetic  Moment  ( mu/g)(a) 
One H O U ~  
at 2012°F 
( I  100°C) 
Non1in;il Alloy Composition 
Tested  at  
Room 
(weight  percent)  Tem eratur  
7 1.7Co-5Fe- 15Ni- 1.5Ti- I .  5A1-0.3Zr- 
5 Tn 
144 R O .  5Co-5Fe-  10Ni-I.  2AI-0.3Zr-3Ta 
123 
76.3Co-5Fe- 12Ni- 1. OTi- 1.4AI-0.3Zr- 
4T;l I 132 
73.  5Ci1-5Fe- 15Ni-  1.2A1-0. 3Zr-5Ta 
78.2Co-5Fe- 10Ni- 1.5AI-0.3Zr-5Ta 
74Ct1-5Fe-  l5Ni-1.  5Ti- 1. 2AI-0.3Zr- 
3 Tn 
- 
After Annealing one Hour at 
2012°F (11OO'C) and A 
1112°F 
" 
119 
144 
91 
114 
130 
105 135 
106 134 
102 
128 100 
ging 
10°C) 
rested at 
1202" F 
(650°C) 
87 
108 
97 
101 
100 
94 
( x )  To cmvrr t  l lw  snturation magnetic moment to the approximate induclion in gauss, multiply the 
listcd valuc by 110. 
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TABLE 11-26. Coercive Force  Measurements on 300-Gram Vacuum- 
A r c  Melted Cobalt-Base Alloys 1-B-V-1 t o  
1-B-V-6 a t  Dif fe ren t  Tempera tures  
I Coercive Force (Oersteds) Annealed One Hour at 1832°F (IOOO'C): Then 
I I  
-~~~ ~~~ 
Aged One Hour at  1382°F  (750°C)  Before  Testing 
I Test Temperature 
I 
Alloy ~ ~ ~ i ~ ~ l  ~ l o y  Composition 1202°F 1112°F 1022°F Room 
Number Temp. (650°C) (600'C) (550°C) Temp. (weight  percent) 
1-B-V-1 
" 0.85 1.0 1.5  2.8 A T a  
- -  0. 95 1.2  1.43.0 
76.3Co-5Fe- 12Ni- I. OTi-  1.4A1-0.3Zr- 1-B-V-3 
80.5Co-5Fe-lONi-1.2Al-O.3Zr-3Ta 1-B-V-2 
71.7Co-5Fe-15Ni-1.5Ti-1.5A1-0.3Zr- 
5 Ta - -  1. 5 1.6 2. 2 3.4 
1-B-V-4 73.5Co-5Fe- 15Ni- 1.2A1-0.3Zr-5Ta 
- -  0.88 0.99 1.5 2.8 74Co-5Fe- 15Ni-1.5Ti-I. 2A1-0.3Zr-3Ta 1-B-V-6 
- -  0.77 0.88 1.3 2.6 78.2Co-5Fe-IONi- I ,  5Al-0.3Zr-5Ta 1-B-V-5 
- -  0.65 0. 90 1.4 2. 9 
-_I 
Annealed One Hour at 1832°F (lOOO°C); Then 
Aged 100 Hours at 1292°F (700°C)  Before  Testing 
~ - - ." _ "  .." ~ ." 
1-B-V-I 
5.0 10.6 73.5Co-5Fe- 15Ni- 1.2AI-0.3Zr-5Ta 1-B-V-4 
76.3Co-5Fe- 12Ni- 1. OTi-  1.4A1-0.3Zr- 1-8-V-3 
;:: 125.0 6 311.19.; 3 4 
26.0 780.5Co-5Fe-10Ni-1.2A1-0.3Zr-3Ta 5Ta  1-B-V-2 
71.7Co-5Fe-15Ni-1.5Ti-1.5A1-0.3Zr- 
12.4 5.6 3.7  12.2 
2.8 10.3 
1-B-V-5 78.2Co-5Fe-lONi-l.5A1-0.3Zr-5Ta 9.3 
4. 1 13.6 6.5  5.014. 2 74Co-5Fe-15Ni-1.5Ti-1.2Al-O.3Zr-3Ta 1-B-V-6 
2.7 9.0 4.2  4.3 
(a) Room temperature  results hown in  the  last column were m2asured after  elevated 
4Ta 
...~ " . A - " .. .. . . -~ 
temperature measurements  were made. 
hour a t  1392OF ( 7 5 O O C )  b e f o r e  t e s t i n g :  t h e  o t h e r  s a m -  
p l e  w a s  s u b j e c t e d  t o  i s o t h e r m a l  a g i n g  f o r  1 0 0  hours  a t  
1292OF ( 7 O O O C )  b e f o r e   t e s t i n g .   I n   t h e   c a s e  of t h e   i s o -  
thermal ly  aged  samples ,  coerc ive  force  w a s  remeasured 
a t  room temperature  af ter  measurements  a t  h i g h e r  t e m -  
p e r a t u r e s .  The r e s u l t s   i n d i c a t e  a s l i g h t   r e d u c t i o n   o f  
coe rc ive  fo rce  va lue  due  to  t h e  tests a t  t e m p e r a t u r e .  
R e s u l t s  o f  t e n s i l e  tests which were ob ta ined  on samples 
from the 300-gram b u t t o n s  are shown i n  table 11-27.  
C o b a l t  a l l o y s  were annealed one hour a t  1832OF ( l O O O ° C ) ;  
then machined to s i z e  and aged for one hour a t  1382OF 
(75OOC) b e f o r e   t e s t i n g .  The hardness  of  each  sample 
was measured a t  room tempera ture   before   the  t es t .  This  
value i s  a l s o  shown i n  t a b l e  11-27.  The table  l is ts  
y i e l d  stress a t  0 . 2  p e r c e n t  p l a s t i c  e l o n g a t i o n ,  t h e  
u l t i m a t e  t e n s i l e  stress, the  uniform  e longat ion,   and 
t h e   r e d u c t i o n  of a r e a  a t  f r a c t u r e .  T e n s i l e  tests were 
performed a t  room temperature and a t  1112OF ( 6 0 0 O C ) .  
Samples were h e l d  f o r  15 minutes a t  t empera tu re  be fo re  
t h e  start o f   t e s t i n g .  Tests a t  1112OF (600OC) were 
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TABLE 11-27.  T e n s i l e   T e s t s ( a )  of 300-Gram  Vacuum  Arc  Melted Cobalt B a s e  
Alloys 1-B-V-1 t o  1-B-V-6 
Alloy 
1-B-V-I 
1-B-V-2 
1-B-V-5 
1-B-V-2 1 
1-B-V-3 ' 
1-B-V-4 ' 
1-B-V-5 Y 
1-B-V-6 
Nominal Alloy Composition 
(weieht  percent) 
Room 
Temperature 
Hardnessb)  
50 kg Load 
(VHN) 
~~~ ~~~ ~~~ ~ 
71.7Co-5Fe-15Ni-1.5Ti-1.5A1-0.3Zr-5Ta 
78.2Co-5Fe-10Ni-1.5A1-0.3Zr-5Ta 1 313 
73. 5Co-5Fe-15Ni-1.2A1-0.  3Zr-5Ta 1 327 
317 76.3Co-5Fe-12Ni-1.OTi-I. 4AI-0.3Zr-4Ta 
230 80.5Co-5Fe-1ONi-I.  2A1-0.3Zr-3Ta 
3c: 
74Co-5Fe-15Ni-1.5Ti-1.2A1-0.3Zr-3Ta 
71.7Co-5Fe-15Ni-1.5Ti-1.5A1-0.3Zr-5Ta 
90.5Co-5Fe-lONi-l.2A1-0.3Zr-3Ta 
76.3Co-5Fe-12Ni-1.OTi-I. 4A1-0.3Zr-4Tn 
73.5Cn-5Fe-15Ni-1.2A1-0.3Zr-~Ta 
18.2Co-5Fe-1ONi-I.  5A1-0.3Zr-jT;1 
14Co-5Fe-15Ni-1.5Ti-1.2A1-0.3Lr-3Ta 
I 
I 
I 
l- 
I 
i 
I 
L 
c 
1 
i 
I 
I 
3
Test 
Temperature 
:: 1 :: 
77 1 25 
361  11112 
226 1112 
! 
317 (1112 
600 
600 
600 
600 
600 
600 
t 
0.2,7, Ultimate 
Yield Tensile 
Strength Strength 
(Psi) @si) 
120 800 178 000 
68 800 115 200 
106 800 160 000 
110 800 158 800 
110 000 I 155  600 
111 200 ' 166 800 
i 91 200 93 200 89 200 92 400 
I 46 400 84 000 I 
! 
127  600 
128 400 
122 000 
126 000 
lniform 
Zlonga- 
tion 
percent) 
19.3 
36.5 
22.7 
19.7 
22.3 
23.3 
12.2 
14.9 
13. 9 
11.5 
11.9 
1 3 . 0  
Reduction 
of Area 
(percent) 
41.6 
54. 1 
42.7 
41.0 
49.3 
42.7 
29.1 
17.0 
35.4 
32.3 
28.0 
25.0 
(a) Samples were annealed one hour at 1832 F (1n0O0C), machilled to size and aged for one hour at 
(b) Measured  at  room  temperature  after  the  thermal  treatment, but before  the  tensile  test. 
1382'F (750'C) before testing. 
conducted i n  argon. The cobal t -base  samples  were q u i t e  
d u c t i l e  a t  both room temperature and a t  e l e v a t e d  t e m -  
p e r a t u r e .  
Hot-hardness  values  for  samples  f rom the 300-gram b u t -  
t o n s  are shown i n  t a b l e  11-28.  Samples of t h e  c o b a l t  
a l l o y s  were annealed  one  hour a t  1832OF ( l O O O ° C )  and 
aged for  one hour  a t  1382OF (75OOC) p r i o r  t o  t e s t i n g .  
The tenperature  dependence of ha rdness  o f  a l loy  1-B-V-4 
i s  shown i n  f i g u r e  11-14 .  
The cobal t -base  a l loys ,  which  were me l t ed  in  the  fo rm 
of  300-gram b u t t o n s ,  were chosen from the range of com- 
p o s i t i o n s  as o u t l i n e d  p r e v i o u s l y .  
The fol lowing requirements  were se t  p r e v i o u s l y  f o r  t h e  
s e l e c t i o n  o f  s u i t a b l e  a l l o y s  from the screening program 
a n d  a p p l i c a b l e  i n  t h e  s e l e c t i o n  of t h e  f i n a l  a l l o y s :  
1) N o  d i s c o n t i n u o u s   p r e c i p i t a t e   s h o u l d   o c c u r  
du r ing  i so the rma l  ag ing  o f  100 hours  a t  
1292OF ( 7 O O O C ) .  
TABLE 11-28.  Hot  Hardness  Measurements (a)  on  Samples  of 300- 
G r a m  Vacuum-Arc Melted Cobalt-Base Alloys 
1-B-V-1 t o  1-B-V-6 a f t e r  Annealing One 
Hour a t  1832OF ( l O O O ° C )  and  Aging One 
Hour a t  1382OF (750 "C) 
Hot  Hardness (VHN) 
T e s t   T e m p e r a t u r e  
Alloy 1112°F Nominal Alloy Composition 
Number (weight  percent) 
156 74Co-5Fe-15Ni-1.5Ti-1.2A1-0.3Zr-3Ta 1-B-V-6 
229 78.2Co-5Fe-10Ni-1.5A1-0.3Zr-5Ta 1-B-V-5 
292 73.5Co-5Fe-15Ni-l.ZA1-0.3Zr-5Ta 1-B-V-4 
246 76.3C0-5Fe-12Ni-l.OTi-l.4A1-0.3Zr-4Ta 1-B-V-3 
106 80.5Co-5Fe-lONi-1.2A1-0.3Zr-3Ta 1-B-V-2 
192 71.7Co-5Fe-15Ni-1.5Ti-1.5A1-0.3Zr-5Ta I-B-V-1 
(6OO0C) 
1202°F 
(650°C) 
270 
132 
249 
257 
242 
248 
(a) All measurements  were made under  vacuum of 2 x t o r r  a t  a load of 2.5 kG. 
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F I G U R E  11-14 .  Hot Hardness  vs.  Temperature of Alloy 1-B-V-4 
A f t e r  Annealing One Hour a t  1832OF ( l O O O ° C )  
and  Aging a t  1112OF (600OC) .  Test 
Load 2.5 kG. 
2 )  The temperature  a t  which maximum hardness  i s  
obta ined  dur ing  i sochronal  ag ing  should  be  
1382OF (75OOC) o r   h i g h e r .  
The l i s t e d  r e q u i r e m e n t s  were f u l f i l l e d  i n  a l l  t h e  300- 
gram cobal t -base  a l loys  except  1-B-V-2 which  d id  not  
meet requirement 2. Apparently,  the a l l o y i n g   c o n t e n t  
was too  low in  tha t  a l loy .  Wi th in  the  g iven  r ange  of 
a d d i t i o n s ;  Ta: 3 t o  5 weight  percent ,  Al: 1 . 2  t o  1 . 5  
weight  percent ,  T i :  0 t o  1 . 7  weight  percent ,  the  most  
su i t ab le  combina t ion  tha t  p roduces  the  bes t  ba l ance  o f  . 
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magnet ic  sa tura t ion ,  hardness ,  and  coerc ive  force must 
be  found.  Alloy 1-B-V-4 e x h i b i t s  a good  combination 
of p r o p e r t i e s .  Among t h e  300-gram e x p e r i m e n t a l   a l l o y s ,  
t h e  h a r d n e s s  d a t a  from a l l o y  1-B-V-4 were second  bes t ;  
t h e  m a g n e t i c  p r o p e r t i e s  were also second bes t .  
The r e su l t s  conf i rm the  p rev ious  r e su l t s  f rom the  25- 
gram i n g o t s  t h a t  showed t h e  a d d i t i o n  o f  A l + T a  gave a 
b e t t e r  b a l a n c e  of h a r d n e s s ,  y i e l d  s t r e n g t h ,  a n d  mag- 
n e t i c  p r o p e r t i e s  t h a n  t h o s e  i n c l u d i n g  T i  i n  t h e  a l l o y -  
i n g  c o n t e n t .  
The in f luence  o f  a l loy ing  e l emen t s  may be expressed 
a n a l y t i c a l l y  i n  t h e  f o l l o w i n g  e q u a t i o n :  
Magnet ic   sa tura t ion  ( a )  expressed  as emu/g 
= 102-0.5(%Ni)+3.6(%A1)-7.0(%Ti)-3.O(%Ta) 
Hardness  expressed  in  VHN = 120+6(%Ni)+80 
( % A l )  +16 ( % T i  )+9 ( % T a )  
However, these  express ions  must  be  cons idered  wi th  some 
cau t ion .  The number o f   a l l o y s   t e s t e d   b e f o r e   d e r i v i n g  
t h e  e q u a t i o n  was n o t  l a r g e  enough to  p rov ide  adequa te  
s i g n i f i c a n c e   t o   t h e   r e s u l t s .   I n   a d d i t i o n ,   t h e   v a r i a -  
t i o n  o f  aluminum c o n t e n t  i n  t h e  t es t  a l l o y s  i s  t o o  small 
t o  p l a c e  any s i g n i f i c a n c e  t o  t h e  c o e f f i c i e n t s  o b t a i n e d  
f o r  aluminum con ten t .  The s t a n d a r d  e r r o r  f o r  t h i s  c o e f -  
f i c i e n t  i s  g r e a t e r  t h a n  1 0 0  pe rcen t .  The computer  anal-  
y s i s  would i n d i c a t e  t h a t  a n  a l l o y  w i t h  no T i ,  b u t  con- 
t a i n i n g  N i ,  A l ,  and Ta a t  t h e  u p p e r  l i m i t ,  would  produce 
the  bes t  ba l ance  o f  ha rdness  and  sa tu ra t ion .  
3. Selec t ion   and   Evalua t ion   of   the   F ina l  Vacuum Induc t ion  
Melted Allovs 
a.  ALLOY SELECTION 
The e x p l o r a t o r y  s t u d y  on t h i s  p rog ram de f ined  the  f ina l  
f e r r i t i c  a l l o y  c o m p o s i t i o n  i n  the  fo l lowing  manner: 
N i :  11 t o   1 3   w e i g h t   p e r c e n t ,  Co: 25 t o  35 
weight  percent ,  C r :  up t o  two we igh t  pe rcen t  
by r e p l a c i n g  two weight  percent  N i  with one 
weight  percent  C r ,  T a :  2 t o  3 weigh t  pe rcen t ,  
W: up t o  one weight  percent ,  T i :  0.3 t o  0 . 4  
weight  percent ,  A l :  0 .3  t o  0.5 weight per- 
c e n t ,  Fe : balance.  
Alloys 1-A-V-3 and 1-A-V-4 (table I I - 7 a )  were s e l e c t e d  
f o r  t h e  f i n a l  a l l o y s  w i t h  some minor  modi f ica t ions .  
The a l l o y s  were vacuum i n d u c t i o n  m e l t e d  i n  t h e  form 
of  15-pound  ingots (see s e c t i o n  II.A.6). 
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Alloy 1-B-V-4 (table II-19a)  was selected as the com- 
p o s i t i o n  h a v i n g  t h e  best combination of p r o p e r t i e s  
among t h e  cobalt-base a l loys .   A l loy  1-B-S-1 was vac- 
uum induc t ion  me l t ed  t o  d u p l i c a t e  t h a t  a l l o y .  A l l o y  
1-B-S-2 w a s  a mod i f i ca t ion  of a l l o y  1-B-S-1 ob ta ined  
by  adding a small amount of bery l l ium.  The nominal 
and analyzed compositions of the f o u r  f i n a l  a l l o y s  
are shown i n  table 11-20. The analyzed  composi t ions 
were very  near  the  nominal  composi t ions .  
R e s u l t s  of t h e  i s o c h r o n a l  a g i n g  of samples made from 
t h e  f o u r  f i n a l  ferr i t ic  and cobalt a l l o y s  are p l o t t e d  
i n   f i g u r e  11-15. The t w o  ferritic samples (1-A-S-1 
and 1-A-S-2) w e r e  annealed one hour a t  1832OF ( l O O O ° C ) .  
The i s o c h r o n a l  a g i n g  s e q u e n c e  s t a r t e d  a t  932OF (5OO0C). 
Aging t i m e  w a s  one hour  with 90°F (5OOC) i n c r e m e n t s  i n  
temperature .  The h ighes t   i soch rona l   ag ing   t empera tu re  
f o r  t h e  f e r r i t i c  a l l o y s  w a s  1202OF (65OOC). Both  co- 
bal t -base  samples  (1-B-S-1 and 1-B-S-2) w e r e  annealed 
one  hour a t  1832OF ( l O O O ° C ) .  The i sochrona l   ag ing  se- 
quence  s t a r t ed  a t  1202OF (65OoC), with an aging t i m e  
of  one  hour. The temperature  w a s  t hen   success ive ly  
inc reased   i n   i nc remen t s   o f  90°F  (5OOC) t o  1472OF (8OOOC) 
which  was t h e  h i g h e s t  a g i n g  t e m p e r a t u r e  a p p l i e d  t o  t h e  
coba l t -base  a l loys .  
The maximum va lues  o f  room temperature  hardness  meas- 
ured  dur ing  the  i sochronal  ag ing  sequence  are l isted 
i n  table 11-29 t o g e t h e r  w i t h  t he  ag ing  t empera tu re ,  
where maximum hardness  w a s  a t t a i n e d .  The room temper- 
a t u r e  c o e r c i v i t y  is l i s t e d  f o r  t h e  same aging temper- 
a t u r e .  
Resu l t s  o f  t he  i so the rma l  ag ing  tests o f  t h e  f i n a l  a l l o y s  
are p l o t t e d   i n   f i g u r e s  11-16 ,  11-17, and  11-18.  The s a m -  
p l e s  f o r  i s o t h e r m a l  a g i n g  tests were annealed one hour a t  
1832OF ( lOOO°C)  b e f o r e  t e s t i n g .  
Two samples were taken  f rom each  of  the  fe r r i t i c  a l l o y s .  
One sample w a s  aged a t  1012OF (55OOC) a f t e r  a n n e a l i n g ;  
t he  o the r  s ample  w a s  f ive p e r c e n t  c o l d  r e d u c e d  a f t e r  
anneal ing.  Then ag ing  a t  1012OF (55OOC) w a s  s t a r t e d .  
The r e s u l t s  are compared f o r  a l l o y  1-A-S-1 i n  f i g u r e  
11-16 and   a l loy  1-A-S-2 i n  f i g u r e  11-17. F ive   pe rcen t  
r educ t ion  by c o l d  r o l l i n g  had reduced the value of co- 
e rc ive   fo rce   be tween  1 0  and   15   oers teds .  A f t e r  i s o -  
thermal  aging 100 hour s ,  t he  va lues  of c o e r c i v e  f o r c e  
i n c r e a s e d ,  b u t  t h e  v a l u e  o f  t h e  f i v e  p e r c e n t  c o l d  
ro l led   sample  w a s  still 1 0  oers teds   lower .  The change 
of  hardness  w a s  n o t  i n f l u e n c e d  by cold  working.  The 
i n f l u e n c e  o f  t h e  small p l a s t i c  s t r a i n  i s  similar t o  t h e  
behavior  observed  in  15  percent  Nicke l  maraging  steel. 
79 
AGING TEMPERATURE ( " F) 
co 
0 
8 0 0  
600 
- 4 0 0  z 
3: 
3 
3 
E 8 0 0  2 w 
pl 5 6 0 0  
E 
0 
E: 
4 0 0  
2 0 0  
0 
1000 1200 1400 1600 
60 
50 
4 0  
3 0  
20 
1200 1 3 0 0  1 4 0 0  1500 
1 
4 0 0  I 1 I n r  1 ' 1  1 1  
I-B-S- 1 73.55Co-5Fe- 15Ni-  1.25AI- 
5.OTa-O.2Zr-0.  OOlB 
3 00 
2 0 0  
100 
0 
6 0  
50 
4 0  
3 0  
20 
4 0 0  
3 0 0  
2 0 0  
100 
0 
1 I I 
I I 1 P I  I '  1 1 8  
1 
1-B-S-2 73.55Co-5Fe-15Ni-I.25Al- I 
0 1  650 7 0 0  7 5 0  8 0 0  
I 
u 
5 ,  z 
w u 
P; 
O E  
5 5  
0 !z 
0 
AGING TEMPERATURE ( " C )  
FIGURE 11-15. Hardness  and  Coercive  Force  of  Alloys  1-A-S-1,  1-A-S-2, 1-B-S-1, and 
1-B-S-2  at  Room  Temperature  After  Aging  One  Hour  at  Temperature. 
(See  Page 79 for Annealing  and  Aging  Sequences.) 
TABLE 11-29. Maximum Hardness Obtained  by  the  Isochronal  
Aging of the  F ina l  A l loys  Vacuum Induct ion  
Melted as 15-Pound Ingo t s  (a )  
~ ~... 
Nominal Alloy Composition 
(weight  percent) 
- . .  " . ~ - . " . . .. - - 
.. .~ ~- 
(a) See Figure I 1-15 
Aging 
Temperature 
Maximum Room 
At Which 
Temperature 
Hardness 
Was Obtained 
1112 
Maximum 
Temperature 
(hours) 
664 
4 1 643 
Temperature 
At Maximum 
Coercivity 
I ~ardness I 1 (oersteds) I 
L (b) Total aging time may be determined by adding one hour aging time for each 90°F (50°C)  increment in temperature starting at 932°F (500°C). . .~ .. . . . " .. ~. - ~ . .  
Resul t s  of  i so thermal  ag ing  a t  1 2 9 2 O F  (7OOOC) o f  t h e  
cobalt-base a l l o y s  are p l o t t e d   i n   f i g u r e  11-18. The 
resul ts  of  magnet ic  saturat ion measurements  on the 
f i n a l  f o u r  a l l o y s  a r e  l i s t e d  i n  t a b l e  11-30. 
A comparison of t es t  r e s u l t s  o b t a i n e d  on samples of the 
300-gram vacuum-arc melted buttons and the final 15-pound 
vacuum induc t ion  me l t ed  ingo t s  a re  shown i n  t a b l e s  11-31 
and 1 1 - 3 2 .  The r e s u l t s  from t h e   f e r r i t i c   a l l o y s  are 
shown i n  table 11-31. The r e s u l t s  on   a l loys  1-A-S-1 and 
1-A-S-2 w e r e  similar t o  t h a t  o b t a i n e d  o n  a l l o y s  1-A-V-3 
and 1-A-V-4. However, a l l o y  1-A-V-3 and 1-A-V-4 showed 
b e t t e r  s t a b i l i t y  t h a n  t h e  f i n a l  a l l o y s .  The lower alumi- 
num con ten t  i n  the  f ina l  a l loys  can  be  r ega rded  as respon- 
s i b l e   f o r   t h i s   b e h a v i o r .  The coe rc ive   fo rce   o f  1-A-V-3 
w a s  lower t h a n  t h e  f i n a l  a l l o y s  which i s  due t o  t h e  l o w e r  
cobal t   conten t .   Therefore ,   the  15-pound h e a t s   o f   t h e  
a l loys   cannot   be   regarded  as optimum a l l o y s .  However, 
they  g ive  a good combination of properties w e l l  w i t h i n  
the   es tab l i shed   range   of   requi rements .  The a l l o y  1-A-S-2 
i s  s u p e r i o r  t o  a l l o y  1-A-S-1 as f a r  as high magnet ic  satu-  
r a t i o n ,  l o w  c o e r c i v e  f o r c e ,  a n d  s t a b i l i t y  are concerned. 
Alloy 1-A-S-2 w a s  t h e r e f o r e  s e l e c t e d  f o r  t h e  f i n a l  e v a l u a -  
t i o n .  
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E 11-16.  Change  in  Room  Temperature  Hardness  and  Coe 
Force  During  Isothermal  Aging  at  1022OF (55 
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Force  During  Isothermal  Aging at 1022OF (55OOC) 
of Alloy 1-A-S-2 Annealed,  and  Annealed and Five 
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FIGURE  11-18.  Change  in  Room  Temperature  Hardness  and  Coercive 
Force of Alloys 1-B-S-1  and  1-3-S-2  During  Iso- 
thermal Aging  at  1022OF  (55OOC) 
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TABLE 11-30. Saturation Magnetic Moment of the  F ina l  Alloys Vacuum 
Induction Melted as 15-Pound Ingots  
Saturation 
Magnetic 
Moment 
(emu/g)(a) 
Treatment  Tested at Treatment 
Alloy  Nominal  Alloy  Composition  Before Room Before 
Number (weight percent)  Testing  Temperature  Testing 
I-A-S-I 50.3Fe-15Ni-30Co-1W-3Ta-O.3Al-O. 4Ti+O.O01B+O. 003Zr Annealed 192 Annealed then 
1-A-S-2 53.2Fe-12Ni-30Co-1W-3Ta-O.4Al-O. 4Ti+0.001B+O. 00321- a t  1832°F 197 a t  1112°F 
aged  one hour one hour 
(lO0OT) (SOOT) 
Saturation 
Magnetic 
Moment 
2 00 171 
I I H I 
(a) To convert the saturation  magnetic  moment  to the approximate induction in gauss, multiply 
the listed values for alloys 1-A-S-1 and 1-A-S-2 by 100 and alloys I-B-S-I and 1-B-S-2 by 110. 
m 
m 
TABLE 11-31. P rope r t i e s  of F e r r i t i c  Alloys 1-A-V-1 t o  1-A-V-6 
and 1-A-S-1 and 1-A-S-2 
Aped One 
Hour at I 
1112"F(600"C) 
H a r d n e s s b )  Magnetic 
Tempera tu re  Saturat ion 
at  \VhlchMax- Measured  at  
inluln Roan1 1112"F(600°C) 
Tempera tu re  
Allov j Analyzed  Composition Was Obtained Mument(a) 
Jumber  (weight  percent) ( 'F )  ("C) (en1u:g) 
1-A-V- 1 Fe- 14.6Ni-29.2Co-0. 56A1- 
0.49Ti-2.15W-4.5Ta 600 1112 160 
1-A-V-2 Fe-9.57Ni-20.1Co-O.63Al- 
0.53Ti-3.56Ta 550 1022 172 
I 
I 
T- 
Aged 100 Hours at 
1022"F[55O0C) Room Maximunl - Tempera tu re  Change in 
Roon: 
After  100 T e m p e r a t u r e  Tempera tu re  At  Maximum Tempera tu re  
Hardness  Room Room Coercivi ty  
Hardness   Hardness  Hardness  Coercivi ty  Hours  Agin 
( V H N )  (percent) (oers teds)  (VHN) ( o e r s t e d s )  
732  35  746  62.5  -0.5 
I 
1-A-V-3 Fe-11.4Ni-25.OCo-0.61Al- t 
0.52Ti-  1.OOW-4.06Ta 
-0.4 62,  5 72  1 37  1112 ' 600 1 704 161 0.54Ti-2.  IOW-3.48Ta 
-2.3 48.5 683 1112 600 1 670  35  168 0.52Ti-3.48Ta 
1022 1 550 ! 641  1 30.5  630  42.5  -4 .1   166 
Fe-4.66Ni-5.19Cr-25.7Co- 
0.64A1-0.49Ti-1.18W-3.56Ta 150 I 1022  550 1 553  33 540 37  - 7 . 0  
I 
1-A-V-4 Fe-14.8Ni-29.4Co-0.64AI- 
1-A-V-5 I I Fe-14.5Ni-29.  eCo-0.62AI- 
,,1-A-v-6 1 
,l-A-S-l 1 
I 
e-15.3Ni-29.1Co-2.90Ta- 1 
0.92W-O.42Ti-0.27Al -7 .5  46 625 32 664 1112 1 600 162 
1-A-5-2 i Fe-12.2Ni-29.5Co-2.95Ta- ; 
j 0.96W-O.41Ti-0.38Al ! 171 1112 -5.5 44 630 31  600 i 643 
I (a)  To convert  saturat ion magnet ic  n ,bn ent  per  gram to the approximate saturation induction in gauss ,  mult iply the l is ted value by 100. (b)   Total   aging  t ime  may be determined  by  adding  one hour  ag ing   t ime for each 90°F (50°C)  increment i n  t empera tu re   s t a r t i ng  at 842°F (450°C); e. g. ~ at 600°C  total time is four hours .  
W 
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TABLE 11-32. Propert ies  of C o b a l t - B a s e   A l l o y s  1-B-V-1 t o  1-B-V-6 
Aged One 
, Hour  at
i 1382"F(75OoC) 
Measured  at  
' 1112"F(600°C) 
~ Saturation 
I 
Alloy : Analyzed  Composition , Moment(a) 
i Magnetic 
Jumber ! (weight  percent) I (ernuig) 
and 1-B-S-1 and 1-B-S-2 
I I I 
Tempera ture  
at  Which  Max- 
imum Room 
Tempera tu re  
Hardness$) 
Was  Obtained 
(OF)  ("C)
-B-V-I  Co-5.0Fe-O.27Zr-14.6Ni- I 1.44A1-1.66Ti-5.20Ta 1 91  1382  750 
I 1.19A1-3.07Ta 1 114 1 1292 i 700 1.40A1-  1.07Ti-4.05Ta 102 I 1382 1 750 -B-V-2  Co 4.8Fe-0.27Zr-10.3Ni- -B-V-3  Co 4.9Fe-0.26Zr-ll .9Ni- 
-B-V-4  co-5.1Fe-O.26Zr-14.8Ni- 
1.25Al-5.19Ta 1 106 j 1382  750 
-B-V-5 I co-5.OFe-O.27Zr-9.85Ni- 
1.60A1-5.3Ta 
750  1382  100 1.19A1-1.66Ti-3.1Ta 
750 
105 I 1382 
-B-V-6 C o - 4 . 8 F e - 0 . 2 4 2 ~ 1 5 .  ONi- 
-B-S-I  Co-5.8Fe-15.3Ni-4.98Ta- 
1.28A1-0.21Zr 750  1382  104 
-B-S-2  Co-5.2Fe-15.2Ni-4.98Ta- 
1.36A1-0.12Zr-0.065Be 750  1382  102 
Room 
Room 
Aged 100 Hours  at  
1292"F(700°C) Maximum Tempera ture  
Room Coercivity 
Tempera ture  At Maximum Tempera ture   Tempera ture  
Hardness  ar ess Hardness . Coercivity 
(VHN) 1 (oers teds)  (VHN) ~ (oers teds)  
388 1 26 
I 
248 1 3.1  !, 255 
307 1 3.6 i 333 
I 
3 23 3.6  343  10.6 
3 03 3.9  320 9.3 
3 13 3.4  3 8 14.2 
311  3.3  331  14.7 
313  3.1  3 36 14.8 
Discontinuous 
Prec ip i ta te  
None 
None 
None 
None 
None 
None 
None 
None 
L) To convert saturation magnetic moment per gram to the appro?.imate saturation induction in gauss, multiply the listed value by 110. 
1) Total  aging  time  may  be  determined  by  adding  one hour aging  t ime for each  90°F  (50°C)  increment in temperature  start ing  at   932°F  (500°C);  e.  g., 
a t  700°C total   t ime is five hours. 
The tes t  r e s u l t s  o b t a i n e d  o n  t h e  vacuum arc melted co- 
ba l t -base  a l loys  and  the  vacuum induc t ion  me l t ed  coba l t -  
b a s e   a l l o y s  are shown i n  table 11-32. The r e s u l t s  are 
comparable.  There are d i f f e r e n c e s   i n   c h e m i c a l  compo- 
s i t i on .   A l though   ve ry  small, t hey  may a c c o u n t  f o r  t h e  
o b s e r v e d   d i f f e r e n c e s   i n   p r o p e r t i e s .  The a l l o y  1-B-S-2 
had  been  s l igh t ly  modi f ied  by a minor  addi t ion  of ber -  
y l l ium.  The s t a b i l i t y  and s a t u r a t i o n  o f  t h i s  a l l o y  
were r.ot as good as a l l o y  1-B-S-1. T h e r e f o r e ,   t h e  l a t -  
t e r  w a s  s e l e c t e d  f o r  f u r t h e r  e v a l u a t i o n  o f  p r o p e r t i e s .  
I t  is be l i eved  tha t  t he  compos i t ion  Co-5Fe-15Ni-5Ta- 
(1.2-1.5)A1-0.25Zr, provides a very good ba lance  o f  
magnetic  and  mechanical  properties.  An optimum compo- 
s i t i o n  c a n  o n l y  be d e f i n e d  i f  o n e  knows t h e  d e s i r e d  
ba l ance  o f  bo th  p rope r t i e s  r equ i r ed  in  t h e  e lec t r ica l  
genera tor   des ign .  On the   o the r   hand ,  some adjustment  
of the composition and some minor  addi t ions  up t o  1.1 
weight  percent ,  may become necessary  dur ing  a develop- 
ment  program f o r  c r e e p  p r o p e r t i e s .  The upper service 
temperature  l i m i t  f o r  t h i s  a l l o y  i s  e x p e c t e d  t o  b e  i n  
t h e  1 2 9 2 "  t o  1382°F ( 7 0 0 "  t o  75OOC)  range.  
The f o u r  f i n a l  vacuum induc t ion  me l t ed  a l loys  were sub- 
j e c t e d  t o  a d d i t i o n a l  m a g n e t i c  and mechanical tests. 
Then short- term creep tests and k i n e t i c s  s t u d y  were 
conducted  on two al loys;  one cobal t -base and one fer-  
r i t ic  type .  
b. MAGNETIC TEST RESULTS 
The magnetic t es t  d a t a  a r e  shown i n  tab le  11-33  and  
11-34.  Sample p repa ra t ion  and t e s t i n g   p r o c e d u r e s  were 
o u t l i n e d  i n  s e c t i o n s  I I . B . 7  and  8.  Figures 11-19  and 
1 1 - 2 0  show t h e  dc  magne t i za t ion  cu rves  o f  t he  f ina l  
f e r r i t i c  and  coba l t  a l l oys  compared t o  1 5 %  N i  maraging 
and H - 1 1  a l l o y s  ( f i g u r e  11-19]  and t o  Nivco a l l o y  
( f i g u r e  1 1 - 2 0 ]  r e s p e c t i v e l y .  The improvement  achieved 
i n  t h e  e x p e r i m e n t a l  a l l o y s  i s  r e a d i l y  e v i d e n t .  
The a c  p r o p e r t i e s  shown i n  t a b l e s  11-33  and  11-34 a l s o  
i n d i c a t e  d e f i n i t e  improvement over the available com- 
m e r c i a l   a l l o y s .  When coupled   wi th   the   lower   coerc ive  
f o r c e  v a l u e s ,  e s p e c i a l l y  a t  t e m p e r a t u r e  o r  a f t e r  a g i n g ,  
t h e  s u p e r i o r i t y  o f  t h e s e  a l l o y s  f o r  a l t e r n a t o r  r o t o r s  
i n  t h e  900" t o  1200°F  range i s  ev iden t .  
c. TENSILE TEST RESULTS 
Tens i l e  t e s t  d a t a   a r e  shown i n  t a b l e  11-35.  Sample 
prepara t ion  and  tes t  methods were r e p o r t e d  i n  s e c t i o n  
I I . B . 7 .  The f e r r i t i c   a l l o y s   h a v e   c o n s i d e r a b l y   h i g h e r  
s t r e n g t h  a t  1112°F  (600OC)  t h a n  t h e  c o b a l t - b a s e  a l l o y s .  
88 
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TABLE 11-33. Magnet ic   Proper t ies  of Ferrit ic Alloy 1-A-S-2(a) 
1 
I DC Proper t ies  
AC Proper t ies  . ~ 
Core  Apparent Core  Apparent 
Loss Core  Loss Loss Core  Loss 
Alloy 
Number 
1-A-S-2 
1-A-S-2 
1-A-S-2 
1-  A-S- 2 
____ 
For 
Comparison 
H- 11  Alloy(b) 
(watts  (exciting (watts  (exciting (watts  (exciting 
per  volt-amps per  volt-amps per  volt-amps 
pound) p e r  pound) pound) per pound) pound)  per  pound) 
At 77°F  (25°C) At 1004°F (540°C) At 1103°F (595°C) 
19.73 
31.20 
156.0 
252.0 
115.0 
139.0 + 179.0 
(a)  Test   specimen  consisted of 0.025  inch  thick  rings (3 inch O.D. by 2-1/2 inch I.D. ) which had 
been  annealed  one  hour  at  2012"F(1100"C)  cold  rolled (5% reduction)  and  then  aged  3  hours  at  
1022"F(55OoC)  before  testing. 
(b) Data from Magnetic Materials Topical Report by P. E. Kueser  e t  al, NASA-CR-54091, 
Contract NAS3-4162, 1964. . 
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TABLE 11-34 .  Magnetic Properties of Cobalt-Base Alloy 1-B-S-1 (a) 
I DC Propert ies  
Residual 
Induction a t  
Induction  at  Magnetizing 
Force  of from 200 Oe Force Indicated (kilogauss) Test   Temperature  Alloy 
Magnetizing Coercive Force 
Number 200 Oe (kilogauss) (oersteds) 250 Oe 100 Oe 10 Oe ( ' 0  ( 0  F) 
1-B-S-1 
8 . 3  0.72 11.3  10.3  8 .3   650 1202 1-B-S-1 
7 .8  0 .72  11.3  10.3 8 . 3  595 1103 1-B-S-1 
7 .8  0.88 12.0 10.9 8. a 540 1004 1-B-S-1 
5 .8  2.43 14. 0 12.  8 9.6  25 77 
For  
Comparison 
Nivco Alloyb) 
7 .  a 20.9 11.6 2 .0   10 .3  595 1103 Nivco Alloyb)  
8.0 35.5  13.6 
1 . 0  1 10.9 25 7 7  
I '  
Alloy Frequency Induction 
Number (cps) (kilogauss) 
At 7' 
AC Propert ies  
Apparent 
Core  Loss 
(exciting 
volt-amps 
per  pound) 
!OF (650°C) 
I-B-S-1 
8.66 7.74 9. 12 7 .98 11. 25 8.10 23.74 16.80 4 00 6  1-B-S-1 
0.86 0.55  0.86 0.56 1. 29 0.67 1.31 I 2.72  60 6 
For 
Comparison 
Nivco  Alloy@) 
(a) Test  specimen  consisted of 0. 025  inch  thick  rings (3 inch 0. D. by 2- 1 / '2  inch I. D. ) which had been  annealed  one hour 
" " 77.0  41.3 " " 149.0 80 .0  400 6 
at 2012°F (llOO°C) and then aged one hour at 1382°F (750°C). 
11 (b) Data from Magnetic Materials Topical Report by P. E .  Kueser  e t  a l ,  NASA-CR-54091, Contract NAS3-4162,  1964, 
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F I G U R E  11-19. DC Magnetization  Curves  of Alloy 1-A-S-2 (Fe-12Ni-30Co-lW- 
3Ta-0.4A1-0.4Ti)  and H-11 (Fe-5Cr-1.3Mo-0.5V-0.4C) Alloy 
at Room Temperature and Elevated Temperature, 0.025-inch 
Laminations.  Data  for H-11 Alloy from Reference 11-11. 
1 0 0 0  
Xivco - - - - 
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MAGNETIZING FORCE (OERSTEDS) 
FIGURE  11-20.  DC  Magnetization  Curves  of  Alloy 1-B-S-1 (Co-15Ni-5Fe- 
5Ta-1.25A1-0.2Zr)  and  Nivco  Alloy  (Co-23Ni-lZr-2Ti) at 
Room  Temperature  and  Elevated  Temperature,  0.025-inch 
Laminations.  Data  for  Nivco  Alloy  from  Reference  11-11. 
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TABLE 11-35. Tensile T e s t  Data of 300-Gram Vacuum-Arc Melted  Martensitic  Alloys 
1-A-S-1 and 1-A-S-2, and Cobalt  Alloys 1-B-S-1 and 1-B-S-2 
Martensitic Alloys 
Room 
Temperature 
Hardness 
0.s 
b r c e n t )  (percent) @si) @si) "C "F  VHN (weight percent) Number 
of Area tion Strength Strength  Temperature 50 kg Load Alloy 
Reduction Elonga- Tensile Yield 
Nominal  Alloy Composition 
Uniform Ultimate 
I-A-S-2(a) 
I-A-S-l(a) 1 Fe-12Ni-30Co-1W-3Ta-O.4Al-O.4Ti Fe- 15Ni-30Co- lW-3Ta-O.3AI-0.4Ti Specimen failed a t  182 000 psi witb no elongation Specimen railed at 182 000 psi with no elongation 
674  1112 600 139  000 165 20 6.0 4.8 1 if% 1 1 155; 1 141 700 1 169000 I :!H I ';:: 58  700 71  2.4 1112 600 130 000 164  800 Fe- 15Ni-30Co-lW-3Ta-O.3AI-0.4Ti Fe- 15Ni-30Co-lW-3Ta-O.3A1-0.4Ti Fe-12Ni-30Co-lW-3Ta-O.4AI-0.4Ti Fe- 12Ni-30Co-  lW-3Ta-O.4Al-O.4Ti 
For Comparison: 
H- 11 Alloy@) 
H- 11 Alloyb) 
Fe-5Cr- 1.3Mo-0. 5V-0.4C 
Fe-5Cr- 1.3Mo-0.5V-0.4C 
~ 
15%Ni Maraging Steelk) 
l5%Ni Maraging Steel(c) 
Fe-KO-15Ni-5Mo-0. 74-0.7Ti 
Fe-9Co-15Ni-5Mo-O.7AI-0. ?Ti 
613 31.7  4.9 
61.5 10.5  117000 110000 600 1112  619 
296 000 282 000 25 77 
Cobalt-Base Alloys H 
7 
25 
25 
25 
25 
- 
105 500 
108 500 
105  400 
104 200 
- 
153 600 
152 800 
154 700 
153 600 
- 
33.0 
33.0 
33.6 
33.8 
T 
" 
" 
- 
L 
-
39.4 
39.4 
42.5 
41.7 
24.8 
20.8 
32.0 
37.6 
Co- 15Ni-5Fe-5Ta- 1.25A1-0.2Zr 
Co- 15Ni-5Fe-5Ta- 1.25A1-0.2Zr 
C0-15Ni-5Fe-5Ta-1.25Al-O.lZr-O.lBe 
Co- 15Ni-5Fe-5Ta- 1.25A1-0.lZr-O.1Be 3 19 
~~~ ~ 
C0-15Ni-5Fe-STa-l.25A1-0.2Zr 
C0-15Ni-5Fe-5Ta-l.25AI-O.lZr-O.lBe 
Co-15Ni-5Fe-5Ta-l.25AI-O.ZZr 
Co-15Ni-5Fe-5Ta-1.25AI-0. 1Zr-O.1Be 
600 
600 
600 
600 
88 700 
87 100 
89 500 
86 400 
125 600 
123 800 
126 800 
122 800 
19.0 
18.0 
19.5 
20.5 
23.6 
13.6 
10.0 
~~~ ~ ~ ~~ 
Co-15Ni-5Fe-5Ta-1.25Al-O.2Zr 
Co- 15Ni-5Fe-5Ta- 1.25Al-0.2Zr 
Co-15Ni-5Fe-5Ta-I. 25AI-0.2Zr 
600 
25 
650 
114 300 
99 200 
85 900 
166 400 
132 000 
117 300 
39.3 
20.5 
14.2 
~~ 
Co-23Ni-IZr-2Ti 
Co-23Ni-lZr-2Ti 593 
25 112 400 
89 900 
165  400 
124 600 
43.6 
47.0 
30.7 
24.3 
(a) Sheet specimens annealed one hour at 1832"F(1000"C) and aged one hour at 1112"F(600'C) before testing. 
(b) Round bar specimens. Data Srom Magnetic Materials Toplcal Report by P. E .  Kueser et  al, NASA-CR-54091, Contract NAS3-4162. 
(c) Sheet specimens: source same as note (b). 
(d) Sheet specimens annealed one hour at 1832"F(1000"C) and aged one hour at 1382'F(75OoC) before  testing. 
(e) Sheet specimens annealed one hour at 1832'F(1000"C); then aged one hour at 1382'F(75OoC) and 10 hours  at  1202°F(6500c)  before testing. 
However, t hey  are b r i t t l e  a t  room temperature.   These 
d a t a  a l s o  show t h e  effect  of a d i f f e r e n t  h e a t  t r e a t m e n t  
on t h e  t e n s i l e  s t r e n g t h  o f  c o b a l t - b a s e  a l l o y  1-B-S-1. 
Test data f r o m  commerc ia l ly  ava i l ab le  a l loys  o f  similar 
type such as H - 1 1  a l l o y ,  1 5  p e r c e n t  n i c k e l  m a r a g i n g  
s teel ,  and Nivco a l l o y  a r e  a lso l i s t e d  i n  t a b l e  11-35 
for   comparison ( ref .  11-11]. One can see t h e  improve- 
ment o f  h igh  t empera tu re  s t r eng th  ob ta ined  in  the  ex -  
pe r imen ta l   a l l oys .   A l loy  1-B-S-1 t e s t e d  a t  llOOOF 
a f t e r  ag ing  one  hour  a t  1380OF and t en  hour s  a t  120O0F 
shows a s ix  percent  improvement  in  s t rength  over  Nivco  
a l l o y .  
The t e n s i l e  tests i n d i c a t e  t h a t  room temperature duc- 
t i l i t y  w i l l  p r e s e n t  a problem i n  t h e  f e r r i t i c  a l l o y s ,  
a l though heat  t reatment  holds  promise for  improvement .  
I t  was a l so  demonst ra ted  previous ly  on  th i s  program 
t h a t  t h e  p r e s e n c e  of chromium improves room tempera ture  
d u c t i l i t y  (see t a b l e  1 1 - 1 6 ) .  F l o r e e n ' s  work i n d i c a t e d  
tha t  t he  absence  o f  molybdenum i n  t h e  a l l o y s  h e  s t u d i e d  
g r e a t l y  r e d u c e d  d u c t i l i t y  (refs. 11-26  and 1 1 - 2 7 ) .  
Therefore ,  it may prove necessary to  add molybdenum o r  
chromium t o  t h e  a l l o y s  under  s tudy  here i n  o r d e r  t o  i m -  
prove room t e m p e r a t u r e   d u c t i l i t y .  The r e s u l t s   f r o m  
t h i s  program show t h e  molybdenum may b e  t o l e r a t e d  up t o  
a 2 weight   percent   addi t ion .  Above t h i s  amount t h e  
degrading   in f luence  on s t a b i l i t y  becomes s e r i o u s .  S i n c e  
chromium has a d e t r i m e n t a l  e f f e c t  on t h e  s t a b i l i t y  o f  
the alpha phase and on magne t i c  s a tu ra t ion  (see t a b l e s  
11-9 and 11-11; i . e . ,  a l l o y s  1-A-44,  1-A-45, 1-A-46)  it 
should be added by r e p l a c i n g  2 w e i g h t  p e r c e n t  n i c k e l  
w i t h  one  weight   percent  chromium. This  w i l l  compensate 
f o r  t h e  o t h e r w i s e  d e t r i m e n t a l  e f f e c t s  o f  chromium. 
d. K I N E T I C S  S T U D Y  
A k i n e t i c s  s t u d y  was conducted on two f i n a l  c a n d i d a t e  
a l l o y s ;   o n e   f e r r i t i c   t y p e ,   a l l o y  1-A-S-2, (Fe-12Ni-30Co- 
lW-3Ta-O.4A1-0.4Ti) and one cobal t  type al loy 1-B-S-1 
(Co-15Ni-5Fe-5Ta-1.25Al-O.2Zr). By t h i s   s t u d y   o f   t h e  
p r e c i p i t a t i o n  p r o c e s s  a s  r e f l e c t e d  by a change i n  pro-  
per t ies ,  t ime- tempera ture  limits were o b t a i n e d  t o  p r o -  
v i d e   g u i d e l i n e s   f o r   l o n g - t e r m   a p p l i c a t i o n s .  The change 
i n  ha rdness ,  coe rc ive  fo rce ,  and e lec t r ica l  r e s i s t i v i t y  
were measured during isothermal aging a t  several t e m -  
p e r a t u r e s  f o r  p e r i o d s  t o  1 0 0 0  h o u r s .  P r i o r  t o  t e s t i n g ,  
t h e  m a r t e n s i t i c  a l l o y s  were s u b j e c t e d  t o  a one-hour 
homogenizat ion and austeni t iz ing anneal  a t  1832OF i n  
a hel ium-flushed tube furnace.  
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The subsequent  aging w a s  p e r f o r m e d  i n  n e u t r a l  s a l t  
b a t h s  c o n t a i n i n g  t h e  a p p r o p r i a t e  m i x t u r e  of n i t r i t e s  
a n d  n i t r a t e s  o r  c h l o r i d e s  as r e q u i r e d  by t h e  a g i n g  t e m -  
p e r a t u r e .  The ag ing   technique  w a s  d e s c r i b e d  i n  s e c t i o n  
II.B.4. The tempera ture  of t h e  b a t h s  w a s  main ta ined  
w i t h i n  9OF (5OC).  The p r o p e r t i e s  w e r e  always  measured 
a t  room t e m p e r a t u r e ;  t h e r e f o r e ,  t h e  i s o t h e r m a l  a g i n g  
w a s  i n t e r r u p t e d  for  t h e  test. P rev ious   expe r i ence   had  
shown that t h i s  i n t e r r u p t i o n  f o r  t h e  tes t  d id  no t  p ro -  
duce  any  no t i ceab le  d i f f e rence  in  the  rate of change 
o r  i n  t h e  a b s o l u t e  v a l u e s  o f  p r o p e r t i e s  when measured 
a t  t h e  same t i m e  and temperature.  
T h i s  r e s u l t  was confirmed by a f e w  spo t  checks .  In  
some cases, d i f f e r e n t  test  samples w e r e  used for meas- 
u r ing   t he   change   o f   p rope r t i e s  a t  va r ious  times. The 
measured  va lues  co inc ided  wi th in  the l i m i t  of  accuracy 
i n  s p i t e  o f  t h e  fac t  t h a t  t h e  t i m e  s e q u e n c e  f o r  t h e  
test  w a s  d i f fe ren t .   These   checks   on   d i f fe ren t   samples  
a l s o  c o n f i r m e d  r e p r o d u c i b i l i t y  i n  t h e  case of mar tens i -  
t i c  a l l o y s .  However, r e p r o d u c i b i l i t y   i n   d i f f e r e n t  sam- 
p l e s  of t h e  c o b a l t - b a s e  a l l o y  w a s  poor because of ap- 
parent  inhomogenei t ies  of t h e  a l l o y .  
Hardness w a s  measured as t h e  Vickers  hardness  number 
under a load   of  50kG. The accuracy w a s  t w o  pe rcen t .  
The c o e r c i v e  f o r c e  w a s  measured i n  a Fors te r  "Koerz imeter"  
as p r e v i o u s l y  o u t l i n e d  ( s e c t i o n  I I . B . 4 . )  wi th  an  accur -  
acy  of  two  percent.  The e lectr ic  r e s i s t i v i t y  w a s  meas- 
u red  on  s t r ip s  abou t  2.5-mm wide, 0.5-mm t h i c k ,  a n d  
150-mm long by t h e  s t anda rd  fou r -b l ade  r e s i s t ance  method. 
The temperature  w a s  k e p t  c o n s t a n t  a t  77OF (25OC) w i t h -  
i n  +0.18OF ( 0 . 1 O C )  by means of a coolan t  loop  and  a 
heaEer a t t a c h e d  t o  a thermosta t .  The accuracy   in   de-  
t e r m i n i n g  s p e c i f i c  r e s i s t i v i t y  w a s  two p e r c e n t ,  w i t h  
t h e  l i m i t a t i o n  set  by the  c ross  sec t ion  measurements .  
Test r e s u l t s  of property changes during isothermal  ag-  
i n g  are shown i n   f i g u r e s  11-21  through  11-27. The 
p lo t  o f  ha rdness  change  fo r  a l loy  1-A-S-2 i n  f i g u r e  
11-21 shows t h a t  s u f f i c i e n t  o v e r a g i n g  t o  d r o p  t h e  room 
temperature hardness below 500 VHN occurs  only  a t  t e m -  
p e r a t u r e s   i n   e x c e s s   o f  1022OF (55OOC). The measured 
change of coercive f o r c e  ( f i g u r e  1 1 - 2 2 )  i n d i c a t e s  a 
c o n s i d e r a b l e  i n c r e a s e  ( -60  o e r s t e d s )  a t  an  ag ing  t i m e  
of 1000 hours  a t  1022OF (55OOC). The e lectr ical  re- 
s i s t i v i t y  d e c r e a s e s  ( f i g u r e  1 1 - 2 3 ]  d u r i n g  a g i n g  as one 
e x p e c t s   f o r  a p r e c i p i t a t i o n  p r o c e s s .  If a n o t i c e a b l e  
amount of rever ted austeni te  had formed,  one would ex- 
p e c t  t h e  e lectr ical  r e s i s t i v i t y  t o  i n c r e a s e  a g a i n  a f t e r  
prolonged aging as had been observed i n  1 5  p e r c e n t  
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FIGURE  11-21.  Change  in  Room  Temperature  Hardness of Alloy 1-A-S-2 (Fe-12Ni- 
30Co-lW-3Ta-0.4A1-0.4Ti) During  Isothermal  Aging at Various 
Temperatures 
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FIGURE 11-22. Change  in Room Temperature  Coercive  Force of Alloy 1-A-S-2 
(Fe-12Ni-30Co-lW-3Ta-O.4A1-0.4Ti) During  Isothermal  Aging 
at Various  Temperatures 
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FIGURE 11-23. Change  in Room Temperature  Electrical  Resistivity of Alloy 1-A-S-2 
(Fe-12Ni-30Co-lW-3Ta-O.4A1-0.4Ti) During  Isothermal  Aging  at 
Various  Temperatures 
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FIGURE 11-24. Change  in Room Temperature  Electrical  Resistivity of 15% Ni  Maraging 
Steel (Fe-9Co-15Ni-5Mo-0.7Al-O.7Ti) During  Isothermal  Aging  at 1112'F 
(6OOOC) 
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FIGURE 11-25. Change  in Room Temperature  Hardness of Alloy 1-B-S-1 (Co-15Ni-5Fe- 
5Ta-1.25A1-0.2Zr-O.OOlB) During Isothermal  Aging  at  Various  Temper- 
atures 
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FIGURE 11-26. Change  in Room Temperature  Coercive  Force of Alloy 1-B-S-1 
(Co-15Ni-5Fe-5Ta-1.25Al-O.2Zr-O.OOlB) During Isothermal 
Aging at Various Temperatures 
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FIGURE  11-27,  Change  in  Room  Temperature  Electrical  Resistivity of Alloy 1-B-S-1 
(Co-15Ni-5Fe-5Ta-1.25Al-O.2Zr-O.OOlB) During Isothermal  Aging 
At Various  Temperatures 
I 
nicke l   maraging  steel ( f i g u r e  11-24] .  One may the re -  
fore conclude that  no measurable  amount of r e v e r t e d  
a u s t e n i t e  formed i n  t h e  p r e s e n t  m a r t e n s i t i c  a l l o y  d u r -  
i ng  ag ing  as high  as 1112OF (600 "C) with in  the  measured  
p e r i o d s  of t i m e .  This is a s i g n i f i c a n t  i n d i c a t i o n  of 
m a t r i x  s t a b i l i t y  a c h i e v e d  i n  t h e  e x p e r i m e n t a l  a l l o y .  
The p l o t  of change of hardness  for the  coba l t -base  al- 
l o y  1-B-S-1 i n  f i g u r e  11-25  shows t h a t  s u f f i c i e n t  o v e r -  
a g i n g  t o  d r o p  t h e  room temperature  hardness  below 300 
VHN occur s  wi th in  1000 hours  only  a t  temperatures above 
1292OF (7OOOC). The p l o t  of the   change   i n  coercive 
f o r c e  ( f igure  11-26)  shows t h a t  a s t r o n g  i n c r e a s e  o f  
coe rc ive  force is  a l s o  a s s o c i a t e d  w i t h  o v e r a g i n g  i n  t h e  
c o b a l t   a l l o y s .  A f t e r  1000 hours  a t  1292OF (7OOOC) t h e  
room tempera tu re  coe rc ive  fo rce  w a s  h i g h e r  t h a n  40 oer-  
s t e d s .  The coe rc ive   fo rce   va lues  w e r e  s u b s t a n t i a l l y  
lower when measured a t  h ighe r  t empera tu res  ( t ab le  11 -36] .  
The change of e l e c t r i c a l  r e s i s t i v i t y  of a l l o y  1-B-S-1, 
p l o t t e d  i n  f i g u r e  11-27 shows t h e  d e c r e a s e  i s  probably 
due t o  a p r e c i p i t a t i o n  p r o c e s s .  A t  ag ing   tempera tures  
below 1202'F (65OOC) t h e  r e s i s t i v i t y  i n c r e a s e d  s l i g h t l y  
b e f o r e  it d ropped .   Th i s   i nc rease   o f   r e s i s t i v i ty  w a s  
obse rved  p rev ious ly  in  coba l t -base  a l loys  w i t h  y' pre- 
c i p i t a t e  (ref. 11-28]. I t  o c c u r s   a l s o   i n   n i c k e l   a l l o y s  
with  addi t ions  which  produce y '  p r e c i p i t a t e  (refs. II- 
29 and  11-30]. One n o t i c e s  t h a t  a n  i n c r e a s e  of elec- 
t r i c a l  r e s i s t i v i t y  o c c u r r e d  w i t h  l o n g  a g i n g  times a t  
t empera tu res   h ighe r   t han  1292OF (7OOOC).  T h i s  resis- 
t i v i t y  i n c r e a s e  o c c u r s  a t  a g i n g  times when t h e  c o e r c i v e  
force reaches  i t s  maximum and the hardness  i s  a l r e a d y  
dec reas ing   w i th   ag ing  t i m e .  I t  i s  pe rhaps   a s soc ia t ed  
with a t r a n s i t i o n  of t h e  p r e c i p i t a t e  from a me tas t ab le  
y' p h a s e   i n t o  a more stable phase.  Such t r a n s i t i o n  
h a s  b e e n  r e p o r t e d  i n  n i c k e l  a l l o y s  w i t h  a d d i t i o n s  of 
A l + T i  and Al+Ti+Nb (refs. 11-31  and  11-32).  Such a 
t r a n s i t i o n  c a n  b e  o b s e r v e d  i n  a l l o y  1-B-S-1 c o n t a i n i n g  
A l + T a  af ter  ag ing  a t  1472OF (8OOOC) for 200 hours  (see 
f i g u r e  11-27] .  The i n c r e a s e   i n  e lectr ical  r e s i s t i v i t y  
a t  1292OF ( 7 O O O C )  and a subsequent  change  in  s lope ,  
s i m u l a t e s  t h a t  o b s e r v e d  f o r  t h e  c o e r c i v e  f o r c e  (see 
f i g u r e  11-26) .  
A l i gh t  mic rograph  and  e l ec t ron  mic rograph  r ep l i ca  
showed t h a t  i n  a d d i t i o n  t o  t h e  g r a i n  b o u n d a r y  p r e c i p i -  
t a t e  t h e  matrix conta ins  two types  of p r e c i p i t a t e  w i t h -  
i n   t h e   g r a i n s .   F i n e  cubes r e p r e s e n t i n g   t h e  y '  phase 
form first.  There are also larger need le - l ike   p rec ip i -  
t a t e  p a r t i c l e s  which have been ident i f ied as a hexa- 
gonal  phase with ao=9.41A, c=15.50&  which is  i n  agree- 
ment wi th  the  hexagonal  phase  Co3Ta found by Dragsdorf 
and  Forgeny (ref. 11-33]. 
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TABLE 11-36. Coercive  Force of Samples of Alloy 1-B-S-1 a t  
Long Aging T i m e s  
~ 
Coercive Force 
( o e r s t e d s )  
Alloy Aging T i m e  A t  Room A t  1112°F 
Number and  Temperature  T mpe ature ( 6 0 0  " C )  
1-B-S-1 1 0 0 0  hours  a t  4 1 . 0  1 9  .o  
1292°F (7OOOC) 
1-B-S-1 3 0 0  hours  a t  32.5 2 0 . 0  
1382°F  (750°C) 
I t  may w e l l  b e  t h a t  i n  t h e  o b s e r v e d  o v e r a g i n g  a t  t e m -  
peratures above 1292°F (700 "C)  , t h e  i n c r e a s e  of coer-  
cive f o r c e  a n d  t h e  i r r e g u l a r i t y  of t h e  r e s i s t i v i t y  
change a t  long aging times, depend  on t h i s  t r a n s i t i o n  
of the  p rec ip i t a t e  phase  r a the r  t han  on  the  g rowth  of 
t h e   o r i g i n a l  y '  p a r t i c l e s .   I f   t h i s  i s  t h e  case, one 
s h o u l d  b e  a b l e  t o  s u p p r e s s  t h i s  t r a n s i t i o n  b y  i n c r e a s -  
i n g  t h e  aluminum t o  t a n t a l u m  ra t io  and hence increase 
t h e  t h e r m a l  s t a b i l i t y  o f  t h i s  a l l o y .  
e. APPLICATION  CONSIDERATIONS 
The de te rmina t ion  o f  r e l a t ive ly  sho r t  t e r m  aging char-  
acter is t ics  on b o t h  t h e  f e r r i t i c  b a s e  (1-A-S-2) and 
cobal t -base (1-B-S-1) a l l o y s  i s  o f  v a l u e  i n  a n t i c i p a -  
t ing  poten t ia l  changes  in  the  magnet ic  and  mechanica l  
behavior  which these al loys may undergo due t o  d i f f u -  
s i o n  k i n e t i c s .  
An a n a l y s i s  o f  t h e  t i m e  t o  r e a c h  t h e  f i r s t  coercive 
f o r c e  i n f l e c t i o n  p o i n t  ( f i g u r e  11-22] o r  t i m e  t o  reach 
maximum h a r d n e s s  i n  t h e  fe r r i t i c  a l l o y  ( f i g u r e  11-21)  
s u g g e s t s  t h a t  t h e s e  t i m e  pe r iods  ( t m )  obey  an  Arrhenius 
t y p e  r e l a t i o n ,  
t m  = tmo exp Q/RT, 
where T i s  absolu te  tempera ture ,  R i s  t h e  u n i v e r s a l  
gas  cons t an t ,  tmo is a cons t an t ,  and Q i s  t h e  activa- 
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t ion energy produced by a d i f fus ion -con t ro l l ed ,  p re -  
c i p i t a t i o n   p r o c e s s .  The a c t i v a t i o n   e n e r g y   o b s e r v e d   i n  
t h e  f e r r i t i c  a l l o y  w a s  approximately 65 kcal/mole as 
found  by  reviewing  figure  11-28.  This i s  i n  some agree- 
ment w i t h  b u l k  d i f f u s i o n  o f  i r o n ,  n i c k e l  o r  c o b a l t  i n  
t h e  a l l o y .  U t i l i z i n g  a 65  kca l /mole   va lue ,   t ab l e  II- 
37 estimates t h e  times a t  which  the  coerc ive  force  in-  
f l e c t i o n  p o i n t  and t h e  maximum hardness  occur  a t  sev- 
eral t e m p e r a t u r e s   f o r   a l l o y  1-A-S-2. The coe rc ive  
f o r c e  i n f l e c t i o n  p o i n t  w a s  s e l e c t e d  s i n c e  it r e p r e s e n t s  
t h e  c d n d i t i o n  p r i o r  t o  t h a t  when t h e  p r e c i p i t a t e  s i z e  
i s  of hhe same dimension as a magnetic  domain. A maxi- 
mum coekc ive  fo rce  i s  a t t a i n e d  when t h e  p r e c i p i t a t e  s i z e  
is t h e  s h e  as t h e  domain w a l l  t h i ckness .  Maximum hard- 
ness  occurs  ear l ie r  a n d  s u g g e s t s  t h a t  t h e  a l l o y  w i l l  
begin overaging almost  an order  of  magni tude in  t i m e  
b e f o r e  t h e  c o e r c i v e  f o r c e  i n f l e c t i o n  p o i n t  i s  reached. 
The u t i l i ~ a t i o n  o f  t h i s  method f o r  t h e  c o b a l t - b a s e  a l -  
l o y  1-B-S-1 was n o t  as s t r a igh t fo rward  because  inhomo- 
g e n e i t i e s  i n  t h e  a l l o y  c a u s e d  v a r i a t i o n s  i n  t h e  ra te  of 
changes   i n   p rope r t i e s  from  sample t o  sample.  Applying 
an a c t i v a t i o n  e n e r g y  of 7 0 , 0 0 0  t o  t h e  l o n g e r  t i m e  d a t a ,  
an approximate f i t  is observed between a d j a c e n t  p o i n t s .  
Using t h i s  v a l u e  f o r  a c t i v a t i o n  e n e r g y  a n d  a p p l y i n g  it 
t o  an  Ar rhen ius  type  r e l a t ion  as b e f o r e ,  t a b l e  11-38 
estimates t h e  times a t  s e v e r a l  t e m p e r a t u r e s  when maximum 
ha rdness  o r  t h e  f i r s t  c o e r c i v e  f o r c e  i n f l e c t i o n  p o i n t  
w i l l  be reached. 
The va lues  obse rved  in  t ab le s  11-37  and  11-38 a l e r t  
t h e  d e s i g n e r  t o  c o n d i t i o n s  where more thorough da ta  
may be r e q u i r e d  t o  f u l l y  i d e n t i f y  l o n g - t e r m  p e r f o r m a n c e .  
f .  MICROSTRUCTURE OF  PRECIPITATION-HARDENED MAGNETIC 
ALLOYS 
(1) Ferr i t ic  Alloys 
The mic ros t ruc tu re  o f  s eve ra l  expe r imen ta l  a l loys  
obta ined  by l igh t  microscopy are shown i n  f i g u r e s  
I I - 2 9 . a ,  II-29.b,  and I I - 2 9 . c .  Specimens were 
aged  for  100  hours  a t  1022OF (55OOC) b e f o r e  t h e  
micrographs were made. A f i n e  p r e c i p i t a t e  w h i c h  
d e l i n e a t e s  t h e  g r a i n  b o u n d a r i e s  and s u b s t r u c t u r e  
may be seen i n  t he   mic rographs .   In  some cases a s  
i n   f i g u r e   I I - 2 9 . b   i n c l u s i o n s  may be noted.  These 
i n c l u s i o n s  h a d  b e e n  p r e s e n t  p r i o r  t o  r o l l i n g  i n d i -  
c a t i n g  t h a t  t h e  a l l o y  had not been completely 
homogenized during the previous heat  t reatment .  
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0-l 
0 
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Slope = 1.43 
= 65  kcal 
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TIME (HOURS ) 
100 1 0 0 0  
4 0 0  
500  
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7 0 0  
7 27 
FIGURE 11-28, Time-Temperature  Plot of Hardness  and  Coercive  Force of 
Alloy 1-A-S-2 (Fe-12Ni-30Co-lW-3Ta-O.4A1-0.4Ti) 
TABLE 11-37. Estimated T i m e  t o  Reach  Coercive  Force  Inf lect ion 
P o i n t  o r  Maximum Hardness a t  t h e  Ind ica t ed  Temper- 
a t u r e  f o r  Alloy 1-A-S-2 
T i m e  a t  Which 
Coercive Force Time a t  Which 
Temperature Maximum Hardness I n f l e c t i o n  i s  
Reached i s  Reached 
("(2) (hours  1 (hours )  (OF) 
450 
0.8 8 1112 600 
13 133 1022 550 
133 1,000 932 500 
2,500 25,000 842 
TABLE 11-38. Estimated Time t o  Reach Coerc ive   Force   Inf lec t ion  
Point o r  Maximum Hardness a t  t h e  I n d i c a t e d  Temp- 
e r a t u r e  f o r  A l l o y  1-B-S-1 
Time a t  Which 
Coercive Force Time a t  Which 
Temperature   Inf lect ion i s  Maximum Hardness 
Reached is  Reached 
(hours  ) (hours )  
300,000 
166 835 
1,000 4,150 
7,500 30,000 
75,000 
.~ ~~ 
~ 
. -   . .  - ~~ " .. . 
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(a) 
(56Fe-15Ni-25Co-2Cr-2Si 
A1 lOy 1-A- 4 6 
(b) 
(48Fe-15Ni-30Co-2W-4Ta- 
Alloy 1-A-V-1 
0.5A1-0.5Ti) 
(c) 
Alloy 1-A-S-1 
(50.3Fe-15Ni-30Co-lW-3Ta 
0.3A1-0.4Ti+0.001B+O.00 
Electrolytically  etched in 10  percent  chromic acid. 
FIGURE 11-29. Light  Micrographs of Several  Ferritic  Alloys 
Annealed  One  Hour  at  1832OF  (lOOO°C)  and 
Aged  100  Hours  at  1022OF  (550°C)  500X 
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The s t r u c t u r e  o b s e r v e d  by l i gh t  mic roscopy  appea r s  
similar t o  t h a t  of nickel  maraging steel af ter  
coo l ing .   Th i s   appea rance   i f   r ega rded  as an   in -  
d i c a t i o n  ( r e f s .  11-34  and  11-35) tha t   t r ans fo rma-  
t i o n  a f te r  cool ing resembles  a s t ruc tu re  p roduced  
by massive t r ans fo rma t ion  (ref. 11-36),  which is  
b e l i e v e d  t o  b e  t y p i c a l  f o r  b i n a r y  Fe-Ni a l l o y s  
con ta in ing  8 t o  2 0  we igh t  pe rcen t  n i cke l .  
F igure  11-30  shows t h e  m i c r o s t r u c t u r e  o f  a l l o y  
1-A-S-2 ob ta ined  by e l ec t ron  t r ansmiss ion  mic ro -  
scopy. The sequence i s  shown in   the   deve lopment  
and growth of p r e c i p i t a t e  d u r i n g  a g i n g  of t h i s  
a l l o y   a t  1022OF (55OOC). Many o f   t h e   p a r t i c l e s  
are formed a t  t h e  d i s l o c a t i o n s .  Then t h e  p r e c i p i -  
t a t e  grows t o  n e e d l e s  which a r e  o r i e n t e d  a c c o r d -  
i n g  t o  t h e  m a t r i x  o r i e n t a t i o n .  A phase,   probably 
a u s t e n i t e ,  a p p e a r s  i n  t h e  form of  long s t r ingers  
a t  t he   boundar i e s   o f   t he   l a thes .   E lec t ron   mic ro -  
graphs of r e p l i c a s  o f  s e v e r a l  a l l o y s  a f t e r  a g i n g  
f o r  1 0 0  hours a t  1022OF (55OOC) a r e  shown i n  f i g -  
u r e s  I I -31 . a   t o   I I -31 .d .   Regu la r ly   o r i en ted  
needles appear i n  t h e  Fe-Ni-Co wi th  t i t an ium added .  
Needles a l s o  o c c u r  i n  t h e  a l l o y s  c o n t a i n i n g  t a n t a -  
lum o r  n iob ium,  bu t  a r e  less r e g u l a r l y  o r i e n t e d .  
S p h e r i c a l  p a r t i c l e s  formed i n  t h e  a l l o y  c o n t a i n i n g  
molybdenum. 
E l e c t r o n  d i f f r a c t i o n  p a t t e r n s  were obtained from 
replicas of samples which were aged f o r  1 0 0  hours  
a t  1022OF (55OOC). A t  t h i s  t i m e  some overaging 
had occurred.  There w a s  a p o s s i b i l i t y  t h a t  t h e  
p h a s e s  d e t e c t e d  a f t e r  1 0 0  h o u r s  a r e  n o t  t h e  same 
a s  t h a t  p r e c i p i t a t i n g  a t  t h e  s t a r t  of  aging. The 
a l l o y s  c o n t a i n i n g  molybdenum were s t u d i e d  a t  times 
s t a r t i n g   a t   o n e   h o u r .  The r e s u l t s  v e r i f i e d  t h a t  
t h e  t y p e  o f  p r e c i p i t a t e  is t h e  same a s  t h a t  f o u n d  
a f t e r  1 0 0  h o u r s ,  b u t  t h e  p a r t i c l e s  are much smal- 
ler. Table 11-39  shows t h e   e l e c t r o n   d i f f r a c t i o n  
p a t t e r n s  o b t a i n e d  f o r  a number of  experimental  
a l l o y s .   T e n t a t i v e   i d e n t i f i c a t i o n   o f   t h e   p a t t e r n s  
a r e   a l s o   g i v e n   i n   t a b l e  11-39. The p r e c i p i t a t e  
p a t t e r n  f o r  a given element w a s  t h e  same i n  t h e  
Fe-Co base c o n t a i n i n g  e i t h e r  1 2  o r  1 5  p e r c e n t  N i .  
Vary ing  the  cobal t  conten t  be tween 8 and 30 weight  
percent  apparent ly  d id  not  change  the  type  of  pre-  
c i p i t a t e .  The i d e n t i f i c a t i o n   o f   p r e c i p i t a t e   i n  
a l l o y s  c o n t a i n i n g  molybdenum w a s  de t e rmined  to  be 
t h e  Fe2Mo Laves   phase .   E lec t ron   d i f f r ac t ion  re- 
s u l t s  o n  t h i s  program are in  agreement  wi th  Fleet- 
wood ' s   r e su l t s   ( r e f .   11 -37)   i n  similar molybdenum 
1 0 9  
A. Annealed One Hour at  1832OF (lOOO°C) 
B. Annealed and  Aged Three  Hours  at  1022OF (55OOC) 
C .  Annealed and  Aged 100 Hours at 1022OF ( 5 5 0 ° C )  
D. Annealed and  Aged 1 0 0 0  Hours at 1022OF (550OC)  
FIGURE  11-30.  Electron  Transmission  Micrographs of Alloy 
1-A-S-2 (Fe-12Ni-30Co-lW-3Ta-O.4A1-0.4Ti). 
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30,OOOX  22,400X 
(a) 
Alloy 1-A-26 
(67Fe-12Ni-20Co-lTi) 
(b) 
(63Fe-12Ni-20Co-SMo) 
Alloy 1-A-27 
FIGURE 11-31. Electron  Microscope  Replica of Ferritic 
Alloys.  Annealed  One  Hour  at  1832OF 
(lOOO°C) Then  Aged  100  Hours  at  1022OF 
(55OOC) . 
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TABLE 11-39. Phases  Detected  in  Alloys 1-A-26, 1-A-27, 
1-A-28 After  Aging  100 Hours at  1022OF 
(55OOC) and in  Alloy 1-A-V-4 After  Aging 
100 Hours at 1022OF (55OOC) 
Shape of Phases  
1-A-26  (67Fe-lZNi-20Co-lTi) 
Needles - 100 A diam - 1 OOOA long 
Dark  globular  particles 
at   grain  boundaries 
Bright  particles  at 
boundaries 
1-A-27  (63Fe-12Ni-20Co-5Mo) 
0 
Discs 200 A diam 0 
( some   a s   l a rge   a s  1000 A) 
0 
Black  Stringers 500 A diam 
I 3 P long 
L7rge particles 1 P diam 
Large  white  elongated 
par t ic les  
1-A-28  (63Fe-12Ni-20Co-5Ta) 
~ Large  particles 0. 5 P diam 
1-A-V-4 (Fe-14. 8Ni-29.4co- 
0. 64A1-0.52Ti-3.48Ta) 
(electron  diffraction 
analysis)  
Needles -100 d diam - 1000 .i long 
Lattice 
0 
hexagonal a, = 5.1A 
c = 8.3A 
0 
cubic a. = 4.6  A 
face centeored cubic 
a. = 3.6 A 
tetragonal a, = 9.2  A 
or 
hexagonal a. = 4.7 4 
c = 7.7 A 
o r  both 
cubic a. = 4.6 A 
face  centsred  cubic 
a. = 3.6 A 
0 
hexagonal a. = 4.8 4 
c = 7 . 8 A  
hexagonal 
c - 4.0 A a - 4 . 5 4  
Black  small  stringer 300 to 
a - 3.6 A 500 A diam 1 to  3 P long face   cen tped   cubic  
A few larger  globular cubic 
precipitate  at   grain 
boundaries 
Probable 
Identification 
NigTi  Do24 
Ti(C, N) 
Austenite Al 
FeMo D86 
or 
FezMo  C14
Ti  carboni t r ides  7 ' 
Austenite A1 
Fe2Ta  C14 
Similar  to  NigTa  but 10% 
smaller  containing 
Ta+Ti  and Ni 
Austenite 
Ta  or Ti   carboni t r ides  
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hardened  maraging steels. With t h e  a d d i t i o n  of 
t a n t a l u m  t o  t h e  Fe-Ni-Co ma t r ix ,  the Ni3Ta-n phase 
p r e c i p i t a t e s  w i t h  t h e  a d d i t i o n  o f  T i  t h e  N i 3 T i - n  
p r e c i p i t a t e s .  While t h e  N i 3 T i - n  phase l a t t l ce  
parameters  are similar t o  t h e  o r t h a g o n a l  Ni3Ta-n 
phase,  the former i s  indexed as a hexagonal  s t ruc-  
t u r e .  The a d d i t i o n  of small amounts  of T i  and A1 
in  combinat ion with T a  r e s u l t s  i n  a similar n type  
s t r u c t u r e ,  a l t h o u g h  t h e  l a t t i c e  p a r a m e t e r s  are 
s ign i f i can t ly  r educed ,  and  the  in t ens i ty  changes  
n o t i c e a b l y .   I n   a l l o y s   c o n t a i n i n g   e i t h e r   C r + S i   o r  
Si+V a d d i t i o n s ,  a Ni3Siy '  type  phase  prec ip i ta tes ;  
however, it should be n o t e d  t h a t  t h e  a d d i t i o n  of 
S i  a lone  d id  not  produce  a p r e c i p i t a t i o n  h a r d e n i n g  
e f f e c t .   B e r y l l i u m   a l s o   p r e c i p i t a t e d  as a similar 
y t y p e  s t r u c t u r e  o f  Ni3Be w i t h  a n  i d e n t i c a l  l a t -  
t i ce  parameter.  
( 2 )  Cobalt-Base  Alloys 
T y p i c a l  r e s u l t s  o b t a i n e d  from the s tudy of  micro-  
s t r u c t u r e  by l igh t  microscopy are shown i n  f i g -  
ures   I I -32 .a ,   I I -32 .b ,   I I -32 .c .  A l l  l i g h t  micro- 
graphs were made a f t e r  a g i n g  t h e  s p e c i m e n  f o r  1 0 0  
h o u r s   a t  1 2 9 2 O F  (7OOOC) .  I n  some of t h e   a l l o y s ,  
d i s c o n t i n u o u s  o r  c e l l u l a r  p r e c i p i t a t i o n  h a s  oc- 
cu r red  as shown i n   f i g u r e   I I - 3 2 . a .  The amount 
o f  d i scon t inuous  p rec ip i t a t e  occur r ing  i n  the co-  
b a l t  a l l o y s  i s  l i s t e d  i n  table 1 1 - 2 2 .  It may be  
n o t e d  t h a t  t h e  amount o f  d i s c o n t i n u o u s  p r e c i p i t a t e  
increases a s  t h e  amount of  T i  and A 1  i n c r e a s e s .  
A change i n  t h e  T i  and A 1  r a t i o  a l s o  i n f l u e n c e s  
t h e  amount o f   d i s c o n t i n u o u s   p r e c i p i t a t e :  more 
d i scon t inuous  p rec ip i t a t e  appea r s  w i th  h ighe r  T i  
con ten t .   These   r e su l t s   con f i rm  ea r l i e r  work ( r e f s .  
11-28  and  11-38).  This phenomenon has  been  ex- 
p l a ined  i n  terms of coherency s t r a i n s  between the 
c o n t i n u o u s   p r e c i p i t a t e  and the   ma t r ix .  With h i g h e r  
d i s r e g i s t r y ,  which i s  inc reased  by h i g h e r  T i  i n  t h e  
T i  t o  A 1  r a t i o  ( r e f .  1 1 - 2 3 ) ,  d i s c o n t i n u o u s  p r e c i p i -  
t a t i o n  form p r e f e r e n t i a l l y  t o  c o n t i n u o u s  p r e c i p i t a -  
t i o n .  The add i t ion   o f   z i r con ium  appea r s   t o   r educe  
t h e  amount o f  d i s c o n t i n u o u s  p r e c i p i t a t e  s h a r p l y .  
The effect  may be due t o  t h e  s e g r e g a t i o n  of z i r -  
conium  which is i n  s o l u t i o n  t o  t h e  g r a i n  b o u n d a r y ;  
thereby  changing  the  nuc lea t ion  behavior  of t h e  
d i s c o n t i n u o u s   p r e c i p i t a t e .  The a d d i t i o n   o f   i r o n  
a l so  r educes  the  quan t i ty  o f  d i scon t inuous  p rec i -  
p i t a t e .  The a l l o y i n g   c o n t e n t   o f   a l l   a l l o y s  start-  
ing  wi th  1-B-32 is apparent ly  ba lanced  in  such  a 
way tha t  fo rma t ion  of d i s c o n t i n u o u s  p r e c i p i t a t i o n  
i s  minimized. 
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( 4  
Alloy 1-B-24 
(76Co-2ONi-3Ti-lAl) 
(b) 
A 1 4  loy -B-V- 
(73.5Co-5Fe-15Ni-1.2Al- 
0.3Zr-5Ta) 
( C )  
Alloy 1-B-36 
(75.3Co-15Ni-5Fe-2.2Ti- 
1.5A1-0.5Zr-0.5Be) 
Microns 
Etchant: 20 ml HC1,  40  ml  HN03,  60 ml glycerin 
FIGURE 11-32. Light  Micrographs of Typical  Cobalt  Base  Alloys 
500X 
114 
I n  a l l  a l loys  con ta in ing  z i r con ium,  small i nc lu -  
s ions  o f  a second phase were observed (see f i g u r e  
I I -32 .b)  which  ind ica te  the  Z r  c o n t e n t  i s  too  h igh  
t o  b e  e n t i r e l y  d i s s o l v e d  i n  t h e  la t t ice:  a zircon-  
ium compound poss ib ly  fo rmed  dur ing  so l id i f i ca t ion .  
Microprobe analysis  showed t h a t  these p a r t i c l e s  
w e r e  c o n t a i n e d  i n  n i c k e l  a s  w e l l  as zirconium. The 
p r e c i p i t a t e  w i t h i n  t h e  g r a i n s  c o u l d  n o t  b e  o b s e r v e d  
by l igh t  microscopy af te r  annea l ing  and  ag ing  a t  
1292OF (70OOC).  I n   o n l y  a f e w  cases (see f i g u r e  
I I - 3 2 . c )  d i d  t h e  e t c h i n g  b e h a v i o r  i n d i c a t e  a sub- 
m i c r o s c o p i c   p r e c i p i t a t e .  However, when the  samples  
were c o l d - r o l l e d  ( - 5 0 %  reduc t ion )  a f te r  annea l ing ,  
bu t  be fo re  ag ing ,  a h e t e r o g e n i z e d  s t r u c t u r e  ap- 
peared.  Examination by e lec t ron   microscopy re- 
vea led  the  ex i s t ence  o f  cube - shaped  p rec ip i t a t e  
p a r t i c l e s  2 0 0  t o  300 angs t roms  in  s i z e .  These 
cubes were a l i g n e d  i n  rows w i t h i n  t h e  g r a i n s  as 
shown in   f i gu res   I I -33 . a   and   33 .b .  The p r e c i p i -  
t a t e  a p p e a r s  t o  be p r e f e r e n t i a l l y  o r i e n t e d  w i t h  
r e s p e c t  t o  t h e  parent   matr ix .   Electron  and  x-ray 
d i f f r a c t i o n  o f  t h e  r e p l i c a  i n d i c a t e  t h a t  t h e s e  
p a r t i c l e s  r e p r e s e n t  t h e  y '  phase  of  the  L12 type.  
The p r e c i p i t a t e  t h e r e f o r e  resembles t h a t  f o u n d  i n  
aged N i - A 1  and N i - A l - T i  a l l o y s  (ref.  11-23).  The 
microprobe  s tudies   confirmed,   however ,   that   the  
p a r t i c l e s  c o n t a i n  n o t  o n l y  T i  and A 1  b u t  Co, Fe ,  
T i ,  and  fu r the r  add i t iona l  e l emen t s  such  as Ta. 
T h i s  c o n f i r m s  t h e  r e s u l t s  r e p o r t e d  by Westbrook 
( re f .   11-39] .  The l a t t i c e   c o n s t a n t   o f   t h e  y' 
phase w i t h  r e g a r d  t o  t h e  m a t r i x  w a s  de te rmined  in  
s e v e r a l  cases a f t e r  h e t e r o g e n i z i n g  t h e  a l l o y s  i n  
o r d e r   t o   c o n c e n t r a t e   t h e  y '  phase.   Resul ts  are 
r e p o r t e d   i n  table  11-40 .  The d i f f e r e n c e  i n  l a t -  
t i c e  c o n s t a n t  a p p e a r s  t o  c o r r e l a t e  w i t h  t h e  max- 
i m u m  h a r d n e s s  o b t a i n e d  f o r  a n  a l l o y  ( t a b l e  1 1 - 2 2 ) .  
However, it i s  still p o s s i b l e  t h a t  a cons ide rab le  
c o n t r i b u t i o n  t o  h a r d n e s s  resul ts  from s o l i d  s o l u -  
t i o n  h a r d e n i n g  r a t h e r  t h a n  f rom coherency  s t ra in  
due t o  d i s r e g i s t r y .  
g. CREEP RESISTANCE 
The fo rego ing  po r t ions  o f  s ec t ion  I1 h a v e  d e t a i l e d  t h e  
sc reen ing ,  t e s t ing ,  and  eva lua t ion  o f  magne t i c ,  ha rd -  
n e s s  a n d  t e n s i l e  p r o p e r t i e s  and m e t a l l u r g i c a l  s t a b i l i t y  
t h a t  led t o  t h e  s e l e c t i o n  o f  f o u r  a l l o y  c o m p o s i t i o n s  
f o r   f i n a l   e v a l u a t i o n .   S h o r t  term c reep  ( < l o 0 0  hours )  
tests were scheduled a t  t h e  end of the program for 
these  a l loys  having  the  fo l lowing  nominal  composi t ions  
in  we igh t  pe rcen t :  
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-Fine y ' 
P r e c i p i t a t e  
( a )   E l e c t r o n   T r a n s m i s s i o n   P l i c r o g r a p h  1 4 ,  OOOX 
G r a i n  
'Boundary 
Y' 
P r e c i p i t a t e  
( b )  C a r b o n   R e p l i c a  of E t c h e d   S u r f a c e  1 7 , 5 0 0 X  
FIGURE 11-33. E l e c t r o n   M i c r o g r a p h s   o f   t h e  P ~ l i C r O S t r U C t U r e  
of Alloy 1-B-V-4 (73.5Co-5Fe-15Ni-1.2Al-O.3Zr- 
5Ta)   Af t e r   Ag ing  100  Hours  a t  1292OF (7OOOC) 
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TABLE 1 1 - 4 0 .  Phases D e t e c t e d  i n  A l l o y   1 - B - 3 9 ,   A f t e r  
A g i n g  1 0 0  Hours a t  1 2 9 2 O F  (7OOOC) and 
i n  A l l o y  1-B-V-4, A f t e r  A g i n g  1 0 0  H o u r s  
a t  1 2 9 2 O F   ( 7 0 0 O C )  With and Without a 
Previous D e f o r m a t i o n  by 50  Percent C o l d  
R o l l i n g  
- ~~ . ~~~ 
Shape of Phases  
1-B-39 (70.8Co-15Ni-5Fe-2.2Ti- 
1.5Al-0.5Zr-5Ta) 
Fine  precipitate 
Larger   lamellae 
Coarse   par t ic les  
Matrix 
- - " - " - . - . . " - - . -. -. . ... - . " . 
L-B-V-4 (co-5.1Fe-O.26Zr- 
14. 8Ni-1.25Al-5.  19Ta) 
aged without defornlatioc 
(electron  diffraction 
analysis)  
Snlnll parti les cubic shape 
100 to 200 wldth arranged 
in  chains 
Coarser  grain  boundary 
precipi ta te   par t ic les  
fi '_ 
- - - - ." - - - - - . . - - -. . . . - . -. . -. - .. 
1-B-V-4 (Co-5.1Fe-O.26Zr-14.8 
Ni-l.25A1-5.19Ta)  aged 
with previous  deforma- 
tion 
(X-ray  diffraction) 
Heterogenized  matrix 
Lattice 
face  centered  cubic 
a. = 3.62 
face  centered  cubic 
a. = 3.55 
face  centered  cubic 
face  centered  cubic 
- - . .- -. . . " "_ - . . - I - - .. 
face  centered  cubic 
a. = 3.552 8, 
face centered c bic 
L12 a. = 3.612 x 
Probable 
Identification 
'I' s imi l a r   t o  
Ni3A1 Uao = 3.561 
(The  presence of M6C o r  
M23C6 and M2C was detectec 
Gamma  pr ime 7 
Gamma  pr ime 'I 
Matrix 
Gamma  prime 7 1 
1 1 7  
Ferr i t ic  Type 
1-A-S-1 (Fe-15Ni-30Co-lW-3Ta-O.3A1-0.4Ti) 
1-A-S-2 (Fe-12Ni-30Co-lW-3Ta-O.4A1-0.4Ti) 
Cobalt Base 
1-B-S-1 (Co-5Fe-15Ni-5Ta-1.25A1-0.2Zr) 
1-B-S-2 (Co-5Fe-15Ni-5Ta-1.25Al-O.lZr-O.lBe) 
The creep  tests were conducted  in  vacuum a t  a p r e s s u r e  
less than 1x10-6 t o r r .  The stress and  temperature were 
s e l e c t e d  o n  t h e  b a s i s  o f  t h e  t e n s i l e  tests r e s u l t s  p r e -  
v ious ly   descr ibed .  I t  was b e l i e v e d   t h a t   t h e   c r e e p  
s t r a i n  i n  1 0 0 0  hours would be less than  one  percent  
f o r  t h e  f e r r i t i c  a l l o y s  when tested a t  l O O O O F  under a 
load of about 8 0 , 0 0 0  p s i  and f o r  t h e  c o b a l t  a l l o y s  when 
tes ted a t  1200OF under a load  of 4 0 , 0 0 0  p s i .   A l loys  
1-A-S-2 and 1-B-S-1 were t h e  f i r s t  t o  b e  c r e e p - t e s t e d  
under t h e  condi t ions  descr ibed  above.   Alloy 1-B-S-1 
pe r fo rmed   s a t i s f ac to r i ly .   A l loy  1-A-S-2 broke i n  a 
b r i t t l e  manner a f t e r  a s h o r t  time a t  t h e  p r e s c r i b e d  
cond i t ions .  A second  specimen  broke  in t h e  same man- 
ne r .  The creep  performance  of  al loy 1-A-S-1 was b e t t e r .  
I t  shou ld  be  men t ioned  tha t  t he  expe r imen ta l  f e r r i t i c  
a l l o y s ,  a l t h o u g h  p o s s e s s i n g  h i g h  s t r e n g t h ,  e x h i b i t e d  
low d u c t i l i t y  i n  t h e  room t e m p e r a t u r e  t e n s i l e  tests.  
On t h e  o ther  hand ,  bo th  cobal t -base  a l loys  1-B-S-1 and 
1-B-S-2 performed w e l l ,  i n d i c a t i n g  e a r l y  i n  t h e  c r e e p  
t e s t i n g  t h e i r  s u p e r i o r i t y  o v e r  t h e  commercial ly  avai l -  
a b l e  Nivco a l l o y .  The c reep  t e s t  r e s u l t s  are compiled 
i n  t a b l e  1 1 - 4 1 .  Because  specimens  of  alloy 1-B-S-1 
e x h i b i t e d  s l i g h t l y  h i g h e r  c r e e p  r e s i s t a n c e  t h a n  t h o s e  
o f  a l l o y  1-B-S-2, e f f o r t  was concent ra ted  on  the  former  
a l l o y .  T h i s  a l l o y   c o n t i n u e d   t o  show a c r e e p  s t r a i n  
about  one-third t h a t  of Nivco alloy when t e s t ed  unde r  
s imilar   condi t ions.   Beginning  with  specimen No. 4 of 
a l l o y  1-B-S-1 ( t a b l e  1 1 - 4 1 ) ,  t h e  c r e e p  t e s t i n g  was a l -  
tered t o  p r o v i d e  d a t a  f o r  a Larson-Mil le r  c reep  p lo t .  
Although these tests were o f  r e l a t i v e l y  s h o r t  t i m e  f o r  
t h i s  t r e a t m e n t ,  t h e  L a r s o n - M i l l e r  c u r v e  s u b s t a n t i a t e d  
the  h igh  c reep  r e s i s t ance  o f  t he  expe r imen ta l  coba l t  
a l l o y  when compared t o  Nivco a l l o y  ( f i g u r e  1 1 - 3 4 ) .  
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TABLE 11-41. Creep  Test  Results on Precipitation-Hardened 
Magnetic Alloys 
Test T e m p e r a t u r e  (OF) 
S t r e s s  (psi) 
T e s t   D u r a t i o n   ( h o u r s )  
T o t a l   C r e e p   S t r a i n  (%) 
P l a s t i c   S t r a i n  
on Loading (%) 
M i n i m u m   C r e e p   R a t e ;  
by H e a d   T r a v e l  
M e a s u r e m e n t  (%An-) 
Time   t o   Reach  0.2% 
C r e e p   S t r a i n   ( h o u r s )  
T i m e   t o   R e a c h   0 . 4 %  
C r e e p   S t r a i n   ( h o u r s )  
Test (torr) 
P r e s s u r e   L i m i t s   D u r i n g  
T e s t   T e m p e r a t u r e  (OF) 
S t r e s s   ( p s i )  
T e s t   D u r a t i o n   ( h o u r s )  
T o t a l   C r e e p   S t r a i n  (%) 
P l a s t i c   S t r a i n  
on Loading (%) 
M i n i m u m   C r e e p   R a t e ;  
by H e a d   T r a v e l  
M e a s u r e m e n t  (%/hr) 
T i m e   t o   R e a c h  0.2% 
C r e e p   S t r a i n   ( h o u r s )  
T i m e   t o   R e a c h   0 . 4 %  
C r e e p   S t r a i n   ( h o u r s )  
P r e s s u r e   L i m i t s   D u r i n g  
T e s t   ( t o r r )  
1-A-S-2 
61 
1-A-S-2 
62 
S p e c i m e n  
1-A-S-1  
X 1  
1000 
60000 
1015  
1 . 3 3  
0 
(b) 
(b) 
(b) 
1-B-S-1  
X3 
60000 
1300 
246(C) 
8 . 5  
0 
(b) 
(b) 
(b) 
4 . 9 ~ 1 0 - 7  
1 . 4 ~ 1 0 - 7  
- ~~ - ."" 
S p e c i m e n  
1 -B-S-1  
#4 
80000 
1200 
1001  
0. 13 
0 
1 -B-S-1  
#5 
85000 
1200 
500 
0 . 9 5  
0 . 3 6  
0 .000126  I 0 . 0 0 0 4 2  
1551(e) 0. 6 ( e )  
" 
1-B-S-2  
X 1  
1200  
60000 
1002 
~ 
l___ 
0 . 0 5 9  
0 
0 .0000318  
4732(e) 
10023(e)  
4 . 9 ~ 1 0 - ~  
1. i X 1 0 - 7  
1 -B-S-1  
#6 
1200 
84500 
1100 
0. 13  
0.10 
0 . 0 0 0 1 2  
1683(e)  
3350(e)  
7 . 1 ~ 1 0 - 7  
1. 5 ~ 1 0 - ~  
1 -B-S-1  
61  
1200 
40000 
1008  
0.007 
0 
(b) 
(b) 
(b) 
1 . 4 ~ 1 0 - 6  
1 . 0 ~ 1 0 - 7  
1-B-S-1 
X7 
50000 
1300 
1004 
0 . 2 1 3  
0 
0 . 0 0 0 1 8  
9 2 8 m  
2043(e) 
5. ~ ~ 1 0 - 7  
1 . 0 ~ 1 0 - 7  
1 -B-S-1  
62 
1200 
60000  
1016 
0.028 
0 
0-4 
(b) 
(b) 
8 . 5 ~ 1 0 - ~  
1 . 3 ~ 1 0 - ~  
1-B-S-1  
X8 
1350 
20000 
1033 
0 . 0 8  
0 
0.00007 
2748(e) 
5606(e)  
6. O X ~ O - ~  
2 . 0 ~ 1 0 - 7  
(a )  Spec imen broke a t   t he   f i l l e t   i n  a b r i t t l e   m a n n e r  
(b)  Not  determined 
(c )   Spec imen  fa i led  
(d) In te rpola ted  Value  
(e)   Extrapolated  Value 
"~ . - -~ 
~ "" - -~ ~. 
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LARSON-HILLER PARAMETER = T(30 + log t) X 10-3 
FIGURE 11-34. Larson-Miller  Plot of Experimental  Alloy 
1-B-S-1 Based  on 1000-Hour Tests in 
Vacuum,  Compared to Nivco  Alloy 
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D. CONCLUSIONS AND RECOMMENDATIONS 
1. Conclusions 
a) Two p r e c i p i t a t i o n   h a r d e n e d   m a g n e t i c   a l l o y s   a p p e a r  
a p p l i c a b l e  t o  r o t a t i n g  e lectr ical  appara tus  oper -  
a t i n g  i n  t h e  1000° t o  1200OF range. One exper i -  
men ta l  mar t ens i t i c  t ype  a l loy  and  one  coba l t -base  
a l loy  surpassed  the  magnet ic  and  mechanica l  pro-  
. p e r t i e s  of the i r  coun te rpa r t  commerc ia l ly  avail- 
able a l l o y s ,  p a r t i c u l a r l y  i n  t h e  1000°  t o  1200OF 
temperature  range.  
b )  The greatest improvement  exhibited  by the p r e c i p i -  
t a t i o n  h a r d e n e d  m a g n e t i c  a l l o y s  d e v e l o p e d  o n  t h i s  
p rogram ove r  p re sen t  cand ida te  a l loys  i s  i n  t h e r -  
m a l  s t a b i l i t y .  The r e v e r s i o n   t o   a u s t e n i t e  (non- 
m a g n e t i c )  i n  t h e  e x p e r i m e n t a l  m a r t e n s i t i c  a l l o y s  
begins  about  150°F h ighe r  than  in  15  pe rcen t  n i ck -  
el '  maraging steel .  
In  the  coba l t -base  a l loy  no  d i scon t inuous  p rec ip i -  
, t a t e  formed af , ter  100  hour s  i so the rma l  ag ing  o r  
a f te r  1000  h o u r s   c r e e p   t e s t i n g  a t  1200OF. This  
i s  a t  least  p a r t i a l l y  r e s p o n s i b l e  f o r  t h e  s u p e r i o r  
c r e e p  r e s i s t a n c e  shown by t h e  c o b a l t - b a s e  a l l o y .  
The to t a l  c r eep  s t r a in  measu red  on  the  expe r imen-  
t a l  a l l o y  1-B-S-1 w a s  one- th i rd  tha t  o f  Nivco  a l -  
l o y  t e s t e d  u n d e r  s i m i l a r  c o n d i t i o n s .  
2 .  Recommendations 
a )  Although  the f e r r i t i c  t y p e   a l l o y   e x h i b i t e d   e x c e l -  
l e n t  m a g n e t i c  p r o p e r t i e s  and high temperature 
s t r e n g t h ,  it proved to  have low room tempera ture  
d u c t i l i t y .   M o d i f i c a t i o n s   s h o u l d   b e  made by t h e  
minor  addi t ions  of  molybdenum, chromium o r  o t h e r  
e l e m e n t s   t o   i m p r o v e   t h e   d u c t i l i t y .  A t  t h e  same 
t i m e  c reep  s t rength  should  be  opt imized  by minor 
a l loy  mod i f i ca t ion .  
b )  The c r e e p   s t r e n g t h  of the   coba l t -base   a l loys   cou ld  
be opt imized by minor changes i n  a l l o y  c h e m i s t r y .  
c) Both a l loys   shou ld   be  made i n   l a r g e r   i n g o t  s i z e s  
us ing   product ion   techniques .   These   a l loys   could  
be worked t o  a g rea t e r  deg ree ,  and  combined wi th  
d i f f e r e n t  a n n e a l i n g  p r o c e d u r e s ,  w o u l d  y i e l d  a more 
homogeneous, h i g h e r  s t r e n g t h  m a g n e t i c  a l l o y .  
1 2 1  
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SECTION I I I' 
1NVES.TIGATIO.N FOR RIAISING THE ALPHA TO GAMMA TRANSFORMATION 
.TEMPERATURE I N  IRON-COBALT  ALLOYS 
By K: Detert , I  
. .  
A. INTRODUCTION 
Al loys  hav ing  apprec iab le  magne t i c  s a tu ra t ion  a t  tempera tures  
above  16520F (900OC) can  be  found only  in  the  i ron-cobal f  sys tem.  
Figure 111-1 shows the dependence of  magnet ic  saturat ion on t h e  
composition i n  i r o n - c o b a l t  a l l o y s  a t  room temperature  ,and a t  
1652OF ( r e f s .  111-1 and 111-2 ) .  The h ighes t   ma ,gne t i c   s a tu ra t ion  
a t  1652OF ( 9 0 0 O C )  is  found i n  t h e  50 w e i g h t  p e r c e n t  i r o n  - 50 
we igh t  pe rcen t  coba l t  a l l oy .  
I n  t h e  Fe-Co a l loys  conta in ing  be tween 20  and 80 weight  percent  
c o b a l t ,  t h e  upper temperature limit a t  which ferromagnetism dis- 
appears  i s  se t  ,by the  phase  t r ans fo rma t ion  o f  t he  f e r romagne t i c  
bcc a phase  , in to  the  paramagnet ic  fcc  y phase;  see f i g u r e  111-2  
( re f .   111-3) .  Up to   t h i s   t empera tu re   o f   phase   t r ans fo rma t ion  
a t  1778OF (97Ook) ,  i ron-50  weight  percent  cobal t  a l loys  have  
much b e t t e r  m a g n e t i c  s a t u r a t i o n  t h a n  p u r e  c o b a l t ;  see f i g u r e  
" .  
111-3. 
I f  some means could be found t o  i n c r e a s e  t h e  phase  t ransformat ion  
tempera ture  in  the  i ron-cobal t  a l loys  conta in ing  approximate ly  
50 weight  percent  Co, t he  ma te r i a l  cou ld  have  f e r romagne t i c  
p r o p e r t i e s  s u p e r i o r  t o  p u r e  c o b a l t  t o  t e m p e r a t u r e s  h i g h e r  t h a n  
t h e  e x i s t i n g  l i m i t .  
The phase  t ransformat ion  tempera ture  can  be i n f l u e n c e d  by apply- 
i n g  h y d r o s t a t i c  p r e s s u r e  o r  by minor  a l loy ing  add i t ions .  The 
a p p l i c a t i o n  of h y d r o s t a t i c  p r e s s u r e  i n c r e a s e s  t h e  s t a b i l i t y  o f  
t h e  more densely packed y phase ,  thereby  reducing  the  tempera-  
t u re  o f  phase  t r ans fo rma t ion .  A l loy ing  add i t ions  appea r  t o  be 
the  on ly  way t o  o b t a i n  a n  i n c r e a s e  i n  t h e  t r a n s f o r m a t i o n  t e m p e r -  
a t u r e .  However, a l l o y i n g   a d d i t i o n s  w i l l  a l s o   i n f l u e n c e   t h e  
magnet ic  sa tura t ion  and  the  Cur ie  Tempera ture  of  the  b inary  a l -  
loys .  A d e t r i m e n t a l  effect  is expected  in   most  cases. 
I t  w a s ,  t h e r e f o r e ,  t h e  o b j e c t  o f  t h i s  i n v e s t i g a t i o n ,  t o  determine 
which a l loy ing  e l emen t s  lead t o  a n  i n c r e a s e  o f  t r a n s f o r m a t i o n  t e m -  
p e r a t u r e  a n d  t o - d e t e r m i n e  t h e  e f f e c t  of t h o s e  a d d i t i o n s  o n  t h e  
magne t i c  s a tu ra t ion  o f  t he  r e su l t i ng  a l loy .  
. . .  . . -  . . .  . .  . . .  . 
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COBALT (WEIGHT PERCENT) 
GURE 111-1. The In f luence  of Cobal t   Content   on  Saturat ion 
Magnetic Moment in  I ron -Coba l t  A l loys  a t  
Room Temperature  and 1652OF (900OC). 
(References 111-1 and 111-2 )  
F I G U R E  111-2.  Curie  Temperature of the  Iron-Cobalt   Binary 
Alloys.  (References  111-3  and  111-7). 
1 2 4  
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F I G U R E  111-3. Saturat ion  Magnet ic  Moment of  Cobalt   and  Iron- 
Cobalt Binary Alloys as a Funct ion of  
Temperature.  (Reference 111-1) 
A r a t i o  o f  Fe t o  Co between 55:45 and 50:50 weight  percent  
w a s  main ta ined   in  t h e  expe r imen ta l   a l l oys .  The compositions 
of t h e  a l l o y s  tested are l i s t e d  i n  t a b l e  111-1. The range of 
a l l o y i n g . a d d i t i o n s  w a s  0.5 t o  2 weight   percent .  Most of t h e  
addi t ion  e lements  w e r e  t hose  which are known t o  i n c r e a s e  t h e  
t ransformat ion   tempera ture   o f   pure   i ron  ( ref .  111-3).  Other 
elements  such as Mn, C r ,  Au,  Zn,  Gd, and Dy were a l s o  i n c l u d e d ,  
even  though they  do  not  increase  the  t ransformat ion  tempera ture  
o f  p u r e  i r o n  b e c a u s e  t h e i r  i n f l u e n c e  i n  c o b a l t - i r o n  a l l o y s  c o u l d  
b e  b e n e f i c i a l .  The e l e c t r o n i c  s t r u c t u r e  o f  t h e  s e l e c t e d  ele- 
ments make them p o t e n t i a l l y  u s e f u l  c a n d i d a t e s .  
A l l  o f  t h e  a l l o y s  were made with high-puri ty ,  commercial ly  
a v a i l a b l e  metals. The i r o n  a n d  c o b a l t  u s e d  i n  t h e  a l l o y s  were 
e l e c t r o l y t i c  g r a d e  materials which were 99.9 percent  and  99.6 
pe rcen t   pu re   r e spec t ive ly .  The l a t t e r  conta ined  0.35 percen t  
TABLE 111-1. Alloys  for t h e  Alpha . .  t o Gamma  Transformation Study 
Alloy 
Number 
2-1 1 2-3 
2-4 
1 2-7 
1 
2-5 1 
2-8 
2 -9 
2-10 
2-11 
2-12 
2-13 
2-14 
2-15 
2-17 1 
2-18 I 
2 - 16m 
2 - 19m 
2-20m 
Nominal Alloy  Composition 
(weight  percent) 
-" 
50Fe - 50Co 
55Fe-45Co 
GOFe-40Co 
49.5Fe-49.5Co-lAI 
49.5Fe-49.5Co-lBe 
49.5Fe-49.5Co-1Ge 
49. 5Fe-49.5Co-lMo 
49. 5Fe-49.5Co-lSb 
49. 5 Fe -49.5Co - 1Si 
49.5  Fe -49.5Co-1Sn 
49.5Fe-49.5Co-1Ti 
49. 5Fe-49.5Co-lV 
49. 5Fe-49.5Co-lW 
49.75Fe-49.75Co-0. 5Nb 
49.75Fe-49.75Co-0.5Ta 
49. 5Fe-49.5Co-lC'r 
49.5Fe-49. 5Co-1Au(C) 
49.5Fe-49.5Co-lMn 
54Fe-45Co-lAs(d) 
53Fe-45Co-2P 
54.5Fe-45Co-0.5Zn(e) 
53Fe-45Co-2Dy 
53Fe-45Co-2Gd 
Alloy Composition 
(atomic  percent) 
51.3Fe-48.7Co 
56.3Fe-43.7Co 
61.3Fe-38.7Co 
50.3Fe-47.6Co-2.1Al 
48.2Fe-45.7C0-6.1Be 
50.9Fe-48.3Co-0.8Ge 
51.OFe-48.4Co-0.6Mo 
51.1Fe-48.4Co-0.5Sb 
50.3Fe-47.7Co-2. OSi 
51.1Fe-48.4Co-0.5Sn 
50.7Fe-48.1Co-l.2Ti 
50.8Fe-48.1Co-l.1V 
51.2Te-48.5Co-0.3W 
51.2Fe-48.5Co-0.3Nb 
51.2Fe-48.6Co-O.2Ta 
50.8Fe-48.1Co-1.  1Cr 
51.2Fe-48.5Co-0.3Au 
50.8Fe-48.2Co-1. OMn 
55.OFe-44.3Co-0.7As 
53.4Fe-43.0Co-3.6P 
54.9Fe-44.7Co-0.4Zn 
55.OFe-44.3Co-0.7Dy 
55.OFe-44.3Co-0.7Gd 
" 
(a) Samples  were prepared by  the  levitation  melting method described 
(b) Samples were prepared by  the  sintering  techniques  described  in 
i n  the  text. 
the text: i n  the case of alloy 2-6m phosphorus was added in.the 
form of a master alloy Fe-P. 
(c) The gold  content of the  levitation-melted sample was  0.95 
weight  percent as determined  by  spectrographic  analysis. 
(d) One weight  percent  arsenic in sintered  alloy 2-2111 was the 
analyzed,  retained  content. The nominal composition was 
2 weight  percent. 
the  analyzed.  retained  content. The intended nominal composition 
was 2 weight  percent. 
(e) One-half  weight  percent  zinc in  sintered  alloy 2-16m  was 
12'6 
n i c k e l .  The method of a l l o y  p r e p a r a t i o n  is i n d i c a t e d  i n  table 
111-1. Most o f  t h e  e x p e r i m e n t a l  a l l o y s  w e r e  p repared  by levi- 
ta t ion  mel t ing  under  pure  (99 .995%) argon a t  s l i g h t l y  less than  
a tmosphe r i c  p re s su re .  Me l t ing  p rac t i ce  w a s  t h e  same as t h a t  
d e s c r i b e d   i n   s e c t i o n  I I . B . l .  (also see ref. 111-4 ) .  Rod-shaped 
i n g o t s  ( - 2 5  grams) w e r e  ob ta ined  f rom these  m e l t s  by casting 
into copper  molds.  Because of  the small volume of molten mate- 
r ia l ,  t h e  s o l i d i f i c a t i o n  o f  t h e  i n g o t s  w a s  similar t o  t h a t  ob- 
t a i n e d  i n  c h i l l  c a s t i n g s ;  so good ingot homogeneity w a s  achieved. 
The a l l o y s  c o n t a i n i n g  a r s e n i c  o r  z i n c  w e r e  no t  prepared  by m e l t -  
ing  because  of t h e i r  h i g h  v a p o r  p r e s s u r e .  T h e s e  a l l o y s  were 
made by s i n t e r i n g .  A f t e r  thorough mixing of the weighed metal 
powders,   the  mixture w a s  p r e s s e d  i n t o  a bar .  The b a r  w a s  
p l a c e d  i n  a s e a l e d  q u a r t z  tube a t  a pressure  of  10-3  tor r ,  and  
s lowly  hea ted  in  s t eps  o f  180°F  from  932" t o  1832°F (500" t o  
1000°C). The temperature  w a s  h e l d  a t  e a c h  s t e p  for 24  hours  
before   p roceeding   to   the   next   h igher   t empera ture .   Chemica l  
ana lyses  were made i n  several cases as i n d i c a t e d  i n  t a b l e  111-1. 
The amount o f  a d d i t i o n  l o s t  d u r i n g  l e v i t a t i o n  m e l t i n g  w a s  small; 
agreement between nominal and the actual amount present in the 
a l l o y  w a s  w i t h i n  0 . 1  t o t a l  w e i g h t  p e r c e n t .  However, du r ing  
s i n t e r i n g  of samples  conta in ing  the  As and Zn an  apprec i ab le  
amount o f  a l l o y  w a s  l o s t  as i n d i c a t e d  i n  t a b l e  111-1. 
Samples for  di la tometer  measurements  and saturat ion measurements  
were machined  from t h e  cast  r o d s  o r  s i n t e r e d  b a r s .  S p e c i m e n s  
250 m i l s  i n  diameter and one inch long w e r e  u s e d  f o r  t h e  d i l a -  
tometer  measurements.  Each  specimen  contained a small h o l e  f o r  
thermocouple  placement. The samples were h e l d  i n  an argon- 
f i l l e d  (99 .99% a rgon)   qua r t z   t ube   du r ing   t e s t ing .  The  change 
in  l eng th  du r ing  hea t ing  and  coo l ing  a t  a rate of  approximately 
5.d0F/min  (3"C/min) w a s  recorded as a func t ion  of  tempera ture .  
The temperature measurement w a s  a c c u r a t e  ts + 9°F; t h e  s e n s i -  
t i v i t y  o f  c h a n g e  i n  l e n g t h  w a s  0 . 0 1  pe rcen t .  
- 
Magnet ic  sa tura t ion  w a s  measured on small c y l i n d r i c a l  s a m p l e s  
having a length  and  diameter  of 0 . 1  inch .  The samples were 
p l a c e d  i n  a m a g n e t i c  f i e l d  g r a d i e n t  o f  975 o e r s t e d s  p e r  c e n t i -  
meter a t  a mean a p p l i e d  f i e l d  o f  1 1 , 5 0 0  o e r s t e d s .  
Measurements were a c c u r a t e  t o  w i t h i n  1 percent .   For   measuring 
the  magne t i c  s a tu ra t ion  a t  h igher  tempera ture ,  the  samples  w e r e  
p l a c e d  i n  a small b i f i l a r -wound  fu rnace  p l aced  in  the  gap  o f  
t h e  magnet.  During  measurement, the  samples  were h e l d  i n  a n  
a r g o n - f i l l e d  sealed q u a r t z  t u b e  t o  p r e v e n t  o x i d a t i o n .  The 
measured values are p r e s e n t e d  i n  t h i s  r e p o r t  as magnetic moment 
p e r  gram ( a )  e x p r e s s e d  i n  c g s  u n i t s ,  t o  obvia te  the  measure-  
ment  of  dens i ty  and  the  cor rec t ion  for  change  of  dens i ty  wi th  
temperature .  An approximation of t h e   i n d u c t i o n  (B)  e x p r e s s e d   i n  
gauss may be determined from the formula 
B = 4 v 6 a  
where 6 is t h e  d e n s i t y  o f  t h e  a l l o y .  
1 2 7  
~n approximate value of magnet ic  induct ion  for t h e  i r o n - c o b a l t  
a l l oys  unde r  s tudy  he re  may be  ob ta ined  by m u l t i p l y i n g  t h e  
measured sigma va lues  by 100. 
C. RESULTS AND EVALUATION 
The measured t ransformation temperatures  of the  expe r imen ta l  
a l l o y s  are l i F t e d  i n  table 111-2 and table 111-3. I n  some 
cases, d u p l i c a t e  tests were made a n d  t h e  r e s u l t s  are l i s t e d .  
T a b l e  111-2 p r e s e n t s  t h e  d a t a  from samples which had not been 
a n n e a l e d  p r i o r  t o  t e s t i n g .  T a b l e  111-3 p r e s e n t s  d a t a  f r o m  
tests i n  which the  samples  had  been  hea t  t r ea t ed  fo r  100 hours  
a t  1742OF (950OC) and  then for 100  hours  a t  2012OF (llOO°C). 
The beginning and end of  t ransformation were d e f i n e d  as t h e  
temperature  a t  which a d e v i a t i o n  i n  t h e  l i n e a r  t h e r m a l  expan- 
s ion  cu rve  o f  t he  homogeneous phase w a s  observed. 
The a r i t h m e t i c  mean of these  t empera tu res  fo r  each  a l loy ,  wh ich  
is b e l i e v e d  t o  be  nea r  t he  equ i l ib r ium t empera tu re ,  i s  a l s o  
l i s t e d  i n  t a b l e s  111-2 and 111-3. However, i n  t w o  cases, t h e  
shape of t h e  t h e r m a l  e x p a n s i o n  c u r v e  i n d i c a t e d  t h a t  t h e  mean 
va lue  d id  no t  r ep resen t  t he  equ i l ib r ium t empera tu re .  These  dev i -  
a t i o n s  are noted. The r e s u l t s  show t h a t  i n  b i n a r y  i r o n - c o b a l t  
a l l oys ,  t he  t r ans fo rma t ion  t empera tu re  inc reased  wi th  success ive  
de te rmina t ions  on one alloy sample and were cons ide rab ly  h ighe r  
a f te r  the   long   annea l ing   t rea tment .  The r e s u l t s  o b t a i n e d  o n  
the annealed specimens are in agreement with measurements on 
b i n a r y  a l l o y s  r e p o r t e d  by Masumoto (ref. 111-5)  and  by E l l i s  
and  Greiner  ( ' ref .  111-6 ) .  E l l i s  and   Gre iner   had   annea led   the i r  
samples   for  1 0 0  h o u r s  a t  1832OF  (lOOO°C) b e f o r e  t e s t i n g ,  w h i l e  
Masumoto annealed samples  for  3 hours  a t  2012OF (llOO°C)  before 
t e s t i n g .  The l a t t e r   t r e a t m e n t   p r o d u c e d  somewhat lower   t rans-  
formation  temperatures .  The va lues   r epor t ed  by t h e s e   i n v e s t i -  
gators  and those determined on this program are shown i n  t a b l e  
1 1 1 - 4 .  I t  i s  be l i eved   t ha t   h ighe r   t r ans fo rma t ion   t empera tu res  
o b t a i n e d  a f t e r  a long anneal ing t reatment  resul ts  f rom improved 
homogeneity of t h e  a l l o y .  
In  compar ing  the  t ransformat ion  tempera ture  of  a t e r n a r y  a l l o y  
t o  t h e  c o r r e s p o n d i n g  b i n a r y  Fe-Co a l l o y ,  o n e  n o t i c e s  from t h e  
d a t a  i n  table 111-2 ,  t h a t  a l l o y s  2-3, 2-10 ,  2-12,  2-14, 2-17, 
2-6m, 2-16m,  2-19m and 2-20m wi th  B e ,  T i ,  W ,  T a ,  Au, P ,  Zn, Dy 
and Gd, r e s p e c t i v e l y ,  e x h i b i t  9' t o  18OF h ighe r  t r ans fo rma t ion  
temperatures .  However, i f  t h e  r e s u l t s  a f t e r  a long   annea l ing  
t r ea tmen t  are compared, (see t a b l e  111-31,   only  those  a l loys 
wi th  P ,  Dy and Ta i n d i c a t e  a r ise  in  t ransformat ion  tempera-  
t u r e .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  a f t e r  l o n g  a n n e a l  none 
of  the elements  cause a s i g n i f i c a n t  i n c r e a s e  i n  t r a n s f o r m a t i o n  
temperature  while  S i ,  Mo, C r ,  and Mn produced a decrease  of  more 
than 38OF (2OOC) i n   t r ans fo rma t ion   t empera tu re .  
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TABLE 111-2. Alpha to Gamma  Transformation  Temperatures 
of Alloys  as  Prepared  During  Heating  and 
Cooling  in OC (Rate  5.4OF/min or 3OC/min) 
Nominal Alloy 
Alloy 
(weight  percent) \lumber 
Composition 
2-0  5OFe-5OCo 
2-01 
6OFe-4OCo 2-02 
55Fe-45Co 
2-1 
49.5Fe-49.5Co-1Ti  2-10 
49.5Fe-49.5Co-1Sn 2-9 
49.5Fe-49.5Co-1Si  2-8 
49.5Fe-49.5Co-1Sb  2-7 
49.5Fe-49.5Co-1Mo 2-5 
49.5Fe-49.5Co-1Ge 2-4 
49.5Fe-49.5Co-lEk 2-3 
49.5Fe-49.5Co-1Al 
2-11 
49.5Fe-49.5Co-1W 2-12 
49.5Fe-49.5Co-1V 
2-13 
49.75Fe-49.75Co-0.5Ta 2-14 
49.75Fe-49.75C0-0.5Nb 
2-15 
49.5Fe-49.5Co-IAu 2-17 
49.5Fe-49.5Co-1Cr 
2-18 49.5Fe-49.5Co-1Mn 
2-2m 
53Fe-45Co-2P 2-6m 
54Fe-45Co-1As 
53Fe-45Co-2Gd 2-20111 
53Fe-45Co-2Dy 2-19m 
54.5Fe-45Co-0.5Zn  2-16m 
Transformation 
on  Heating 
PC) 
948-958 
960-973 
963-973 
948-953 
975-980 
948-958 
973-983 
958-963 
973-978 
953-963 
925-963 
955-968 
948-958 
963-970 
968-980 
963-974 
963-970 
953-973 
965-980 
960-975 
97  1-987 
965-975 
963-970 
965-970 
969-982 
913-970 
963-975 
963-978 
965-978 
969  -982 
943-970 
965  -977 
984-997 
978-992 
982-989 
977-987 
- 
Transformation 
on  Cooling 
PC) 
953-935 
964-948 
960-948 
948-940 
970-963 
963-953 
973-967 
950-938 
965-953 
953-938 
933-791 
953-938 
938-928 
948-958 
965-950 
964-955 
958-943 
948-925 
958-938 
948-932 
967-945 
958-935 
960-953 
960-945 
969-961 
898-842 
963-945 
953-938 
958-943 , 
969-954 
938-912 
973-965 
984-978 
992-980 
982-972 
982-972 
remp -
(OF) - 
1740 
1762 
1762 
1738 
1783 
1751 
1787 
1746 
1774 
1755 
17  24 
1749 
1729 
1762 
1773 
1767 
1760 
1742 
1760 
1751 
1773 
1756 
1764 
1762 
1778 
1670 
1764 
1751 
1762 
1776 
1724 
1778 
1807 
1807 
1798 
1796 - 
973 48) 
975 5 1 
+5 
+14 
952 -9 
968 +20 
9 57 0 
940(a: -31 
9 54 
943 
-5 
-25 
961 +7 
967 +18 
964 +13 
960  +5 
950  -13
960  +5 
955 
967  +18
-4 
958 +2 
962  +9 
961 +7 
920(b) -67 
970 +22 
955 
962  +9 
-4 
961 +7 
940 
969 +20 
-31 
970 
986 
9 86 
981 
9 80 - 
+ 14 
+44 
+44 
+34 
+32 
. .  
Standard 
9 57 
+3 
+8 
-5 
+11 
0 
- 17 
-3 
-14 
+4 
+10 
+7 
+3 
-7  
+3 
-2 
+10 
+1 
+5 
+4 
+13 
- 37 
+5 
-2 
+4 
+12 
-17 
+a (4 
+19(c) 
+ d C )  
+24(c) 
+24(c) 
(a) The actual mean value was 903°C; the 940°C value  is nearer to  the  equilibrium temperature  as 
indicated by the  expansion curve. 
(b) The actual mean value was 906°C; the 920°C  value is nearer to the equilibrium temperature  as 
indicated by the expansion curve. 
( c )  Change over 55Fe-45Co Composition 
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TABLE 111-3. Alpha t o  Gamma Transformation  Temperature 
Of A l loys  Af t e r  Spec ia l  Heat Trea tment (a)  
- 
Nominal Alloy 
Composition 
(weight percent) 
50 Ir'e-50Co 
55 Fe -45CO 
SOFc-40CO 
5 3  ~e-45Co-2P 
53 Fe -45Co-2Dy 
49. 5Fe-49.5Co-lBe 
49.5Fe-49.5Co-lTi 
49.75Fc-49.75Co-0.5Ta 
49.5Fe-49.5Co-lAu 
~ ~~~~ 
Transformation 
on Heating 
("(3 
977-987 
982-989 
982  -988 
987 - 1000 
984-995 
977  -987 
977  -987 
379  -987 
982-987 
Transformation 
on Cboling 
("C) 
975-964 
979-972 
979  -96 1 
984-97 1 
982-969 
977-962 
974-962 
979  -969 
974-964 
Average 
I'emDeraturl 
( 3i-j 
1789 
1798 
1792 
1807 
1801 
1789 
1787 
1794 
179 1 
976 
981 
978 
986 
983 
976 
975 
979 
977 
( : I )  Samples were heat treated for 100 hours at 1742°F  (950°C): then 100 hours at 
2 0 1 2 ' ~  (1100 C) before testing. 
Table 111-5 presents  the  measured  magnet ic  sa tura t ion  va lues  
f o r  e a c h  a l l o y  a t  room temperature ,  1112OF (60OOC)  and 1202'F 
(65OOC). The m a g n e t i c  s a t u r a t i o n  i n t e n s i t y  was l o w e r  i n  a l l  of 
t h e  t e r n a r y  a l l o y s  s t u d i e d  t h a n  i n  t h e  c o r r e s p o n d i n g  Fe-Co 
a l l o y s .  The elements  Au, Mn, and Ta  have   the  least  in f luence  
a t  room temperature  on a we igh t  pe rcen t  bas i s .  A t  1652OF 
(900OC) Ta  and T i  have  the  leas t  in f luence  based  on  weight  
percent .  
The in f luence  o f  t he  add i t ion  e l emen t s  on  magne t i c  s a tu ra t ion  
based on atomic percent (derived from the nominal compositions) 
i s  shown i n  t a b l e  111-6. I t  i s  e v i d e n t  t h a t  t h e  d e p r e s s i n g  i n -  
f luence of  Mn i s  very  smal l ,  ye t  A l ,  S i ,  and B e  a l s o  e x h i b i t  
on ly  a s l i g h t  i n f l u e n c e  o n  t h e  m a g n e t i c  s a t u r a t i o n  i n t e n s i t y  
a t  room temperature .  The depressing  inf luence  of   Sb,   Sn,  Nb, 
Dy, and Gd are l a rge :  wh i l e  A s  and Zn h a v e  t h e  g r e a t e s t  e f f e c t .  
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TABLE 111-4 .  Alpha t o  Gamma Transformation  Temperature of 
Iron-Cobalt  Alloys Determined in this Program 
Compared t o  V a l u e s  f r o m ' t h e  L i t e r a t u r e  
Transformation Tel 
Alloy 
Composition  From  Ellis  
50Fe -5OCo 
9 86 968 60Fe -4OCo 
" - 970 55 Fe -45Co 
979 96 1 
pera ture  (0C) . 
Value  Determined on 
the   Program 
A s  P r e p a r e d  After Lon 
No Anneal Anneal(C 7 
962 
98 1 973 
976 
978 97 5 
(a) Reference 111-5; Samples Annealed 3 hours  at 1100°C Before Testing. 
(b) Reference 111-6; Samples Annealed for 100 hours   a t  1000°C Before 
Testing. 
(c) Samples Annealed for 100 hours at 950°C; then  100  hours at 1100°C 
Before Testing. 
~ ~~ ~ 
A t  1652OF ( 9 0 0 O C )  t h e  e f f e c t  o f  A l ,  B e ,  and T i  were s m a l l ,  
y e t ,  l a r g e r  t h a n  a t  room temperature .  Dy, C r ,  Sn and Mo ex- 
h i b i t e d  a l a r g e  i n f l u e n c e  and t h e  e f f e c t  of W ,  Au, A s ,  and Z r  
were t h e  g r e a t e s t .  If the   in f luence   o f   the   added  e l emen t s  
had been s u c h  t h a t  t h e  m a g n e t i c  s a t u r a t i o n  w a s  reduced  the  
same f r a c t i o n  a t  a l l  tempera tures ,  it may have been concluded 
tha t  t he  pa ramagne t i c  moment had  been  changed. However, i n  a l l  
of t h e  a l l o y s  s t u d i e d ,  t h e  i n f l u e n c e  of t h e  added elements  i n -  
c r eased  wi th  h ighe r  t empera tu res ;  t he re fo re ,  one  can  conc lude  
t h a t  t h e  s t r e n g t h  o f  t h e  f e r r o m a g n e t i c  c o u p l i n g  h a d  b e e n  re- 
duced. One m i g h t  a t t e m p t  t o  e x p l a i n  t h e s e  e f f e c t s  i n  terms o f  
the  a s soc ia t ed  change  and  pe r tu rba t ion  o f  t he  e l ec t ron ic  s t ruc -  
t u r e  o f  t h e  c r y s t a l ;  however ,  one must  consider  that  the de- 
r ived  va lues  fo r  t he  in f luence  o f  one  a tomic  pe rcen t  of t h e  
addi t ion  e lement  may be  in  e r ror  because  the  a tomic  composi t ions  
were based  in  most  cases on the nominal  composi t ions of  the lev- 
i ta t ion-mel ted   a l loys .   Fur thermore ,   micrographic   ana lyses   o f  
t h e  a l l o y s  are r e q u i r e d  t o  v e r i f y  t h e  s i m i l a r i t y  i n  s t r u c t u r e  
o f  t h e  homogeneous phase  conta in ing  the  var ious  added  e lements  
i n  s o l i d  s o l u t i o n .  
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TABLE 111-5.  Saturation  Magnetic  Moment  of  the Iron 
Cobalt Alloys Investigated  in  the  Alpha 
to  Gamma  Transformation 
- 
Alloy 
Vum be I 
2 -0 
2-01 
2-02 
2-1 
2 -3  
2  -4 
2-5 
2 -7 
2  -8 
2 -9 
2-10 
2-11 
2-12 
2-13 
2-14 
2-15 
2-17 
2-18 
2 -2m 
2-61n 
2-16m 
2-19m 
2  -20m 
Nominal  Alloy 
Composition 
(weight percent 
50Fe-50Co 
55Fe-45Co 
60Fe-40Co 
49.5Fe-49.5Co-1AI 
49.5Fe-49.5Co-1Be 
9.5Fe-49.5Co-1Ge 
49.5Fe-49.5Co-1Mn 
49.5Fe-49.5Co-1Sb 
49.5Fe-49.5Co-ISi 
49.5 Fe -49.5Co -lSn 
49.5Fe-49.5Co-1Ti 
49.5re-49.5Co-lV 
49.5Fe-49.5Co-lW 
49.75Fe-49.75Co-0.  5Nb 
49.75Fe-49.75Co-0.5Ta 
49.5Fe-49.5Co-1Cr 
49.5Fe-49.5Co-1Au 
49.5Fr-49.5Co-1Mn 
54Fe-45Co-1As 
53Fe-45Co-2P 
54.  5Fe-45Co-0.5Zn 
53Fe-45Co-2Dy 
53Fe-45Co-2Gd 
T Saturation  Magnetic Moment (emu/g)(a) 
Room 
Temperature 
230 
233 
233 
235 
236 
224 
218 
226 
225 
225 
226 
225 
225 
225 
22G 
227 
229 
225 
229 
229 
2 19 
214 
225 
225 
225 
11 12°F 
(600'C) 
214 
215 
2 14 
207 
197 
207 
208 
2 10 
208 
209 
210 
209 
209 
21 1 
213 
208 
211 
211 
200 
190 
206 
206 
207 
Percent 
Change 
Relative  to 
Room 
Temperature 
Value 
-7.6 
-7.6 
-8.8 
-7.7 
-9.7 
-8.4 
-7.5 
-6.7 
-8. 1 
-7 .'4 
-6.7 
-6  ..9 
-7. 1 
-6.9 
-6.8 
-7.6 
-7.8 
-7.9 
-8.7 
-11.3 
-8.4 
-8.4 
-8.0 
-
1652°F 
(9OOT) 
173 
169 
167 
- 
163 
150 
164 
162 
165 
159 
164 
167 
165 
166 
168 
170 
155 
166 
165 
150 
142 
160 
157 
157 
Percent 
Change 
Relative tc 
Room 
remperatur, 
Value 
-24.9 
-27,5 
-29.0 
-27.4 
-31.3 
-27.7 
-27.9 
-26.8 
-29. a 
-27.4 
-25.9 
-26.5 
-26.4 
-26.2 
-25.7 
-31. 1 
-27.4 
-28.3 
-30.6 
-33.2 
-29.0 
-30.2 
-30.2 
(a) To convert  saturation  magnetic moment to the approximate  induction in gauss.  multiply 
the listed  value by 100. 
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TABLE 111-6. The  Influence of Alloying  Elements on the 
Saturation  Magnetic  Moment of Iron-Cobalt 
Alloys  Based on Atomic Percent  Addition 
Alloy  Composition 
(atomic  percent) 
Additior 
50.3Fe-47.6Co 
48.2Fe-45.7Co 
50.9Fe-48.3Co 
51.OFe-48.4Co 
51.1Fe-48.4Co 
50.3Fe-47.7Co 
51.1Fe-48.4Co 
50.7Fe-48.1Co 
50.8Fe-48.1Co 
51.2Fe-48.5Co 
51.2Fe-48.5Co 
51.2Fe-48.6Co 
50.8Fe-48.1Co 
51.2Fe-48.5Co 
50.8Fe-48.2Co 
55.OFe-44.3Co 
53.4Fe-43.OCo 
54.9Fe-44.7Co 
55.OFe-44.3Co 
55.OFe-44.3Co 
the 
2.1Al 
6.1- 
0.8- 
0.5Sb 
0.6Mo 
2.  OSi 
0.5Sn 
1.2Ti 
1.1v 
0.3w 
0 . 3 m  
0.2Ta 
1.1Cr 
0.3Au 
1. OMn 
0.7As 
3.6P 
0.4211 
0.7Dy 
0.7Gd 
change in 
Room Tem] 
Change in 
Saturation 
Magnetic 
Moment (A u) 
(percent) 
Base value 
230 emu/g 
-6 
-12 
-4 
-5 
-5 
-4 
-5 
-5 
-5 
-4 
-3 
-5 
-1 
-1 
-1 
- 14 
-17 
-8 
-8 
-8 
-ature 
A u (a m 
-2.9 
-2.0 
-5 .0 
-8.3 
-10 
-2.0 
-10 
-4.2 
-4.5 
-13 
-10 
-5 
-4.5 
-0.3 
-1 
-20 
-4.7 
-20 
-11 
-11 
l- 
1112°F (6 
Change in 
Saturation 
Magnetic 
vIoment (A u) 
(percent) 
3ase  value 
!14 emu/g 
-7 
-17 
-13 
-6 
-4 
-6 
-5 
-4 
-5 
-5 
-3 
-1 
-6 
-3 
-3 
-15 
-25 
-9 
-9 
-8 
(a1 
-3.3 
- 16 
-10 
-8 
-3.0 
-10 
-3.3 
-4.5 
-17 
-10 
-5 
-5.5 
-10 
-3 
-2 1 
-22 
-7 
-13 
-11 
-2. a 
1652OF (C 
Change in 
Saturation 
Magnetic 
Moment (A u )  
(percent) 
Base  value 
173 emu/g 
-9 
-22 
-8 
-10 
-7 
-13 
-5 
-7 
-6 
-4 
-2 
-17 
-6 
-7 
-19 
-27 
-9 
-12 
-10 
-a 
DOC) 
(4 % 
-4.3 
-3.6 
-10 
-17 
- 14 
-6.5 
- 16 
-4.2 
-5.9 
-20 
-13 
-10 
-15.5 
-20 
-7 
-27 
-22 
- 7 . 5  
-17 
-14 
saturation from the 50Fe -50C0 base  per unit atomic percent of the addition I 
D. CONCLUSIONS 
A few  addition  elements  including  phosphorus,  dysprosium  and  tan- 
talum  produced  a  slight  increase  in  transformation  temperature 
compared  to  the  binary  iron-cobalt  alloys. 
Other  elements  such  as  silicon,  molybdenum,  chromium,  and 
manganese  produced  a  decrease  in  transformation  temperature of 
more  than 38OF. 
The  magnetic  saturation of iron-cobalt  alloys  was  reduced  by 
all  of  the  elements  tested.  Addition of manganese  resulted in 
the  smallest  decrease  in  saturation  at  room  temperature. At
1652OF (900°C) titanium  showed  a  slight  depressing  effect on 
magnetic  saturation. 
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SECTION  IV 
DISPERSION-STRENGTHENED  MAGNETIC  MATERIALS FOR 
APPLICATION IN THE 1 2 0 0 °  TO 1600O F RANGE 
By R. J. Towner 
A. INTRODUCTION 
The p u r p o s e  o f  t h i s  p r o j e c t  w a s  t o  d e v e l o p  a dispers j -on-strength-  
ened ,  magne t i ca l ly  so f t  material f o r  u s e  i n  t h e  1200" t o  1600O F 
temperature   range for r o t o r   a p p l i c a t i o n s .  As a t e n t a t i v e   g o a l ,  
t h e  material shou ld  have  the  fo l lowing  p rope r t i e s  a t  some t e m -  
perature  between 1200O and 1600O F, p r e f e r a b l y  a t  1600°  F. 
Sa tu ra t ion  magne t i za t ion ,  Bs - 12,000 gauss minimum 
Coerc ive  force ,  Hc - 25 o e r s t e d s  maximum 
Creep s t r a i n  i n  1 0 , 0 0 0  hours  a t  1 0 , 0 0 0  p s i  - 0 . 4  pe rcen t  
maximum. 
In  pu r su i t  o f  t h i s  goa l ,  d i spe r s ion - s t r eng thened  coba l t -base  and  
iron+27 w/o coba l t -base  ex t rus ions  were made from (1) prea l loyed  
atomized powders containing boride compound and zirconimx oxide 
p a r t i c l e s ,  ( 2 )  i n t e rna l ly  ox id i zed  powders  con ta jn . ing  a lumina  o r  
b e r y l l i a ,  a n d  ( 3 )  composite  powders  containing  both a metal phase 
and a r e f r a c t o r y  o x i d e  p h a s e  ( a l u m i n a  o r  t h o r i a )  w i t h i n  e a c h  pow- 
der pa r t i c l e .   A l so ,   d i spe r s ion - s t r eng thened   coba l t -base   ex t ru -  
s i o n s  c o n t a i n i n g  t h o r i a  were purchased  from  two  suppliers.  Co- 
b a l t  and iron+27 w/o c o b a l t  were selected for  base  composi t ions  
because they have higher  values  of  saturat ion magnet izat ion i n  
t h e  1200O t o  1600O F range. 
The i n i t i a l  e v a l u a t i o n  p h a s e  ( p h a s e  1) o f  t h i s  p r o j e c t  i n c l u d e d  
de te rmina t ion  o f  s a tu ra t io r  magne t i za t ion ,  coe rc ive  fo rce ,  and  
t e n s i l e  p r o p e r t i e s  of e x t r u s i o n s  a t  room t empera tu re  and  in  the  
1200" t o  1600O F range. I t  w a s  expec ted  tha t  t he  d i spe r so id  pa r -  
ameters (dispersoid  type  and  composi t ion,  volume pe rcen t ,  pa r -  
t i c l e  s i z e ,  and i n t e r p a r t i c l e  s p a c i n g )  would have important ef-  
fects on  the  coe rc ive  fo rce  and  o the r  so f t -magne t i c  p rope r t i e s ,  
as w e l l  as on   mechanica l   p roper t ies .  The d isperso id   parameters  
w e r e  expected t o  e x e r t  s t r o n g  e f f e c t s  on t h e  m a t r i x  g r a i n  s t r u c -  
tu re ,  response  to  secondary  working  t rea tments  appl ied  l a t e r  t o  
the  hot -ex t ruded  material, a n d  t h e r m a l  s t a b i l i t y  of t h e  d i s p e r -  
so id  and  ma t r ix  s t ruc tu re .  Coe rc ive  fo rce  w a s  measured  because 
it was a n  i m p o r t a n t  m a g n e t i c  p r o p e r t y  i n  i t s e l f ,  and it could  
a l s o  be used as a n  i n d i c a t o r  f o r  o t h e r  s t r u c t u r e - s e n s i t i v e ,  soft-  
magnet ic   p roper t ies .   Permeabi l i ty ,   for   example ,  i s  i n v e r s e l y  
r e l a t e d  t o  c o e r c i v e  force. The v a r i o u s   t h e o r i e s   o f   c o e r c i v e  
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fo rce  were no t  i n  ag reemen t  and  d id  no t  pe rmi t  p rec i se  ca l cu la -  
t i o n s  o r  e v e n  r e l i a b l e  estimates t o  be made f o r  v a l u e s  i n  t h e  
1 2 0 0 '  t o  1600O F range.   Therefore ,  it w a s  necessa ry  t o  employ  an 
e m p i r i c a l ,  s c r e e n i n g - t y p e  o f  a p p r o a c h  i n  t h e  i n i t i a l  e v a l u a t i o n  
phase  of  this  program. Wide v a r i a t i o n s  i n  d i s p e r s o i d  p a r a m e t e r s  
were necessarily  employed.  Measurements were made on  hot-worked 
(ho t - ex t ruded)  p roduc t s  i n  o rde r  t o  s e p a r a t e  a n d  i d e n t i f y  t h e  
e f f e c t  o f  t h e s e  v a r i a t i o n s  i n  d i s p e r s o i d  p a r a m e t e r s  i n  t h e  co- 
b a l t  and iron+27 w/o c o b a l t  matrices. 
The in te rmedia te  eva lua t ion  (phase  2 )  of  the program w a s  d i r e c t e d  
towards  explo i t ing  and  ex tending  the  bes t  composi t iona l  sys tems 
deve loped  in  the  first p h a s e  i n  r e g a r d  t o  magnetic and mechanical 
p r o p e r t i e s .  The d i s p e r s o i d s  of r e l a t i v e l y  f i n e  p a r t i c l e  s i z e  
were f u r t h e r  i n v e s t i g a t e d  s i n c e  it w a s  de te rmined  in  phase  1 t h a t  
t h e y   d i d   n o t   i n c r e a s e   c o e r c i v e   f o r c e   p r o h i b i t i v e l y .  The amount 
of d i s p e r s o i d  w a s  h e l d  t o  a r e l a t i v e l y  low l e v e l  i n  o r d e r  t o  min- 
imize t h e  d i l u t i o n  effect  on sa tu ra t ion  magne t i za t ion  and  in su re  
better d u c t i l i t y  a n d  l o w e r  n o t c h  s e n s i t i v i t y .  A l s o ,  t h e  p o s s i -  
b i l i t y  e x i s t e d  of r educ ing  c lus t e r ing  and  ach iev ing  a more uni- 
form d i s p e r s i o n  a t  the  lower  concent ra t ion  leve ls  which  might  
ma in ta in  o r  even  inc rease  s t r eng th  l eve l s .  Secondary  work ing  w a s  
i n i t i a t e d  i n  o r d e r  t o  i d e n t i f y  t h o s e  c o m p o s i t i o n a l  s y s t e m s  a n d  
types  of powder  which  showed the  grea tes t  response  ( improvement  
i n  t e n s i l e  p r o p e r t i e s ) .  C r e e p  t e s t i n g  on se l ec t ed   compos i t ions  
i n  the as-extruded and secondary 'worked condi t ions w a s  performed. 
The f i n a l  e v a l u a t i o n  ( p h a s e  3 )  of  the  program dea l t  wi th  the  pro-  
d u c t i o n  a n d  i n v e s t i g a t i o n  f o r  t h e r m a l  s t a b i l i t y  o f  a f i b r o u s  
g r a i n  s t r u c t u r e  i n  s e l e c t e d  c o b a l t - b a s e  a n d  i r o n + 2 7  w/o coba l t -  
base  dispers ion-strengthened  composi t ions.   Included were com- 
p o s i t i o n s  which  had r e l a t i v e l y  f i n e  p a r t i c l e s  s i z e s  o f  d i s p e r s o i d  
a s  w e l l  as those  conta in ing  coarser  par t ic les  which  would  provide  
s t i l l  lower values of c o e r c i v e  f o r c e  i n  t h e  1200 '  t o  1600'  F range. 
A c a l i b r a t i o n  s t u d y  of the  e f fec t  o f  cyc les  of  secondary  working  
and  proof  tes t ing  of t h e  t h e r m a l  s t a b i l i t y  o f  t h e  m a t r i x  g r a i n  
s t r u c t u r e  were undertaken.   Creep  and  tensi le  tests were performed 
on t h e  more s table  composi t ions in  the secondary-worked condi t ion.  
Conclusions w e r e  drawn  and  recommendations made conce rn ing  the  
processing and secondary working of iron+27 w/o cobal t -base and 
cobalt-base compositions which would meet the  goa l s  o f  t he  p ro -  
gram  and were a p p l i c a b l e  t o  t h e  f a b r i c a t i o n  o f  s o l i d  r o t o r  m a t e -  
r i a l  having a product  s i z e  o f  8 t o  28 inches diameter  and 8 t o  
28 inches  long.  
B. MATERIALS 
1. Powder  Types  and  Compositions 
Various powder types and compositions were s e l e c t e d  f o r  i n -  
v e s t i g a t i o n .  The powder composition numbers used for iden- 
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t i f i c a t i o n  p u r p o s e s  i n  t h i s  r e p o r t  are t h e  same as u s e d  f o r  
pre l iminary  d iscuss ions  and  reques ts  for  quota t ion  f rom 
s u p p l i e r s .  
a. PFtEALLOYED ATOMIZED POWDERS 
The atomizing process  provides  an extremely rapid 
quench  o f  mol t en  pa r t i c l e s  t o  the  so l id  s ta te  (ref.  
I V - 1  - IV-4). T h i s  t e n d s  t o  i n s u r e  t h a t  t h e  c o n s t i -  
t u e n t  p a r t i c l e s  o f  h i g h - m e l t i n g  p o i n t ,  which s o l i d i f y  
f i r s t ,  w i l l  be  uni formly  d ispersed  wi th in  each  par -  
t i c l e  and not have t i m e  t o  grow much above submicron 
s i z e  b e f o r e  t h e  c o b a l t  o r  i r o n + 2 7  w/o c o b a l t  ma t r ix  
h a s  s o l i d i f i e d .  
Sixteen preal loyed atomized powders  which  were ob ta ined  
f o r  e x t r u s i o n  on t h i s  program a r e  l i s t e d  i n  t a b l e  I V - 1 .  
Powder Nos. 3 through 9 and 1 2  through 1 8  were ob ta ined  
f o r  t h e  i n i t i a l  e v a l u a t i o n  e f f o r t  ( p h a s e  1) of  the pro-  
gram. The boron   addi t ions  i n  powder Nos. 3 through 6 
and 1 2  through 1 5  were f o r  t h e  purpose of formation of 
d i s p e r s e d  b o r i d e  p a r t i c l e s  c o n t a i n i n g  t i t a n i u m ,  z i r -  
conium,  columbium, or   t an ta lum.  Boron was h e l d  a t  t h e  
1 w/o l e v e l  and t h e  r a t i o  of 2 a/o  boron t o  1 a/o ti- 
tanium, zirconium, columbium o r  t a n t a l u m  was main- 
t a i n e d .  Powder Nos. 7 and 1 6  contained  cerium  and 
provided  another  poss ib le  d ispers ion-hardening  agent ,  
t h e  i n t e r m e t a l l i c  compound CeCog. The aluminum  and 
be ry l l i um con ta in ing  Powders Nos. 8 ,  9 ,  1 7 ,  and  18 were 
l a t e r  g i v e n  i n t e r n a l  o x i d a t i o n  t r e a t m e n t s  t o  f o r m  A 1 2 0 3  
and Be0 d i s p e r s e d  p a r t i c l e s .  
Powder No. 1 9  was o b t a i n e d  f o r  t h e  i n t e rmed ia t e  eva l -  
ua t ion  po r t ion  (phase  2 )  of t h e  program t o  i n v e s t i g a t e  
Z r 0 2  d i s p e r s o i d .  The f ina l   eva lua t ion   phase   (phase   3 )  
inc luded  i n  the  bor ide-conta in ing  composi t ions  No. 30 
which w a s  s i m i l a r  t o  No. 5 b u t  w i t h  less d i s p e r s o i d .  
The -325 mesh and  +325 mesh f r ac t ions  o f  each  powder 
w e r e  de l ive red  to  Wes t inghouse  a i r -packed  in  p l a s t i c  
bags   i n s ide   s epa ra t e ,   s ea l ed   me ta l   cans .  The weights  
of atomized powders produced by the two supp l i e r s  and  
sh ipped   to   West inghouse   a re   g iven   in  table I V - 1 .  A l s o ,  
t h e  s u p p l i e r ' s  l o t  o r  b a t c h  number i s  l i s t e d .  The  sup- 
p l i e r s  s u f f i c i e n t l y  d e f i n e d  and  r eco rded  the  de t a i l s  
o f  t h e i r  p r o c e s s  so tha t  they  could  reproduce  the  pro-  
duct ion of  t h e i r  p roducts  a t  a l a t e r  d a t e ,  i f  d e s i r e d .  
The r e q u i r e m e n t s  t h a t  a t  l e a s t  1 0  pounds  of  -325 mesh 
powder of   each  a l loy  be  provided,  w a s  m e t .  The pow- 
d e r s  which were ordered through Domtar Chemicals Ltd. 
were made by B.S.A.  Metal Powders L td . ,  Birmingham, 
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TABLE IV-1. Prealloyed Atomized Powder Composi.tions, Suppliers, 
and Weights Received 
Atomized 
Powder Nominal Composition 
No. (weight  percent) 
Weight of Powder  Received 
-325 Mesh  I +325 Mesh 
(weight  percent 
@ounds)(dl of total lot) I@ounds)(ai of total lot) 
(weight percer 
3 
4 
Co+l.  OBt2.2Ti 
5 
Co+l.OBt4.2Zr 
Co+l.  OBt4.2Cb 
6 Co+ l.OBt8.3Ta 22 
7 Co+4. OCe 31 
8 
9 
Co+2.5A1 31 36 
Co+l. 3- 21 
12 
14 
13 
70.7Fe+26.1Co+l.OB+2.2Ti 
69.2Fe+25.6Co+l.OB+4.2Zr 
69.2Fe+25.6Co+l. OBc4.2Cb 
15 66.2Fe+24.5Co+l.OB+8.3Ta 
1 6 b )  70.1Fe+25.9Co+4. OCe 
16(b) 70.1Fe+25.9Co+4. OCe 
17 71.OFe+26.3Co+2.7AI 
66.9  Fe+ 24.8'2~ 8. 3Zr 
72.OFe+26.6Co+1.4Be 
28 
42 
11 
13 
4 
26 
16 
23 
34 
, 33 
48 
' 24 
15 
28 
17 
46 
27 
43 
- "- 
34 
40 
63 
49 
70 
63 
55 
~ 58 67 
46 
34 
52 
73 
76 
20 
85 
42 
83 
72 
31 
62 73 
54 
45 I 57 
Supplier 
Hoeganaes(( 
Hoeganaes 
Hoeganaes 
E::7a 
Hoeganaes 
Domtar 
HWgaMeS 
Hoeganaes 
Hoeganaes 
Hoeganaes 
Domtar 
Domtar 
Hoeganaes 
Domtar 
Hoeganaes 
Supplier's 
Lot No. 
-I__ 
AN-1858 
AN-1859 
AN-1856 
AN-1857 
HN-182 
AN-1811 
HN-181 
AN-1810 
AN-1809 
AN-1807 
AN-180 
HN-183fb) 
HN-185(b) 
92-3130 
HN-184 
AN-1812 
1 30 I Co+O.8B+3.2Cb 
I 1 2 3  I 24 I 73 1 76 1 Hoeganaes I 92-3828 
I I 
i 
1 . "I- . " 
(b) Two atomizing runs, HN-183 and HN-185. Metal froze in nozzle and plugged it during first run because metal 
(a) Yield from 100 pound melts .  
(c) Hoeganaes  Sponge  Iron Corp.,  Riverton. N .  J .  
(d) Domtar Chemicals Ltd., Metal Powders Division. Montreal. Canada 
temperature was too low. Cerium added and metal temperature raised for second run. 
England. The g r e a t e s t  y i e l d  o f  -325 mesh powder w a s  
ob ta ined  wi th  a l loy  Nos. 4 ,  13,  and 1 9 ,  a l l  of  which 
contain zirconium. 
The chemical  analyses  of  the -325 mesh f r a c t i o n s  o f  
t h e  1 6  atomized powders were r epor t ed  by t h e  powder 
s u p p l i e r s  and are l i s t e d  i n  t a b l e s  IV-2 and IV-3. 
Also  l i s ted  for  compar ison  are t h e  i n t e n d e d  composi- 
t i o n s  and t h e  ta rge t  composi t ions  f o r  the  va r ious  
elements which the suppliers worked towards.  
The fo l lowing  gene ra l  t r ends  were obse rved  in  r ega rd  
to  meet ing  the  ta rge t  chemica l  composi t ion  spec i f ica-  
t i o n s  which t h e  s u p p l i e r s  worked towards f o r  p r e a l -  
loyed atomized powders i n  t a b l e  IV-2. 
(1) Cobalt-Base  Alloys 
(a)  Hoeganaes  Powders 
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TABLE IV-2. - Chemical  Analyses(") o f  Prea l loyed  Atomized  Powder; 
We6tioghmae 
Compositional Targets 
Pordcr No. 
3. Intended 
Actual 
4. Intended 
Actual 
5. Intended 
Actual 
6. Inteaded 
Actual 
1. Intended 
Acturl 
8 .  rntcaded 
A c t u l  
0. Intedod 
A c W  
w e 8 u w  
compoduoarl Tulet. 
Porder No. 
12. Intmded 
A c W  
13. In- 
A c W  
14. Intended 
Actual 
15. Intended 
Actual 
16. Intended 
Actual (C) 
A c W  (a) 
l?. I n t e r n  
Actual 
18. In& 
Actual 
T Mn 
1.04 max. 
~ 
0.24 
0.26 
0.19 
0.17 
<o. 1 
0.22 
<O. 05 
~ 
0.14 
0.11 
0.14 
0.08 
2:: ! 
0.43 
<o. 1 
si 
D . 0 4  max 
0.23 
0.10 
0.04 
0.38 
0.01 
0.27 
0.012 
1.25 m u .  
0.08 
0.22 
0.14 
0.09 
0.017 
0.16 
0.28 
0.08 
c 
3.020 m a  
-~~~~ -
0.035 
0.044 
0.043 
0.069 
0.033 
0.008 
0.028 
. 
LO20 max 
0.024 
0.023 
0.038 
0.084 
0.034 
0.032 
0.010 
0.026 
s 
0.006max 
~ 
0.005 
0.005 
0.007 
0.005 
<o .002 
0. m4 
<o. 002 
"~ ~ ~ 
D. 025 max 
0.013 
0.011 
0.013 
0.010 
to.  002 <o. 002 
0.010 
<o. 002 
P 
0.010max. 
<O. 005 
(0.005 
<O. 005 
<o. 005 
<o .005 
(0.005 
0.01 
0.015ma.x 
<o. 005 
<o. 005 
<o; 005 
<o. 005 
0.011 
0.014 
<O. 005 
(0.005 
Ni 
). 70 max. 
0 .32 
0.26 
0.58 
0.58 
0.36 
0.28 
0.48 
1.70 mu. 
". ...~ 
0.14 
0.12 
0.16 
0.16 
(0.05 
< O .  05 
0.10 
<O. 05 
(a) Reported by the powder supplier 
(b) Hoegames sponge Iron Corporation agreed to a tolerance of f 0.8% for B and Ti. 
(c) Domtar Chemicals Ltd., Lot No. HN-183 
(d) Domtar Chemicals Ltd., Lot No. HN-185 
Cr 
- - 
0.012 
<o. 01 
0.02 
0.016 
<o. 1 
0.022 
0.07 
~~~~~ 
- 
0.050 
0.064 
0.038 
0.030 
<o. 1 <o. 1 
0.016 
to.  1 
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[Minus 325Mesh Fraction) Obtained f o r  I n i t i a l  E v a l u a t i o n  Effort (Phase I)  
ercent b wei t Elemt 
co  
-
~- - 
96.8 
95.34 
94.8 
93.43 
94.8 
93.11 
90.7 
9 a  01 
00.0 
80.9 
97.5 
95.59 
98.7 
97.7 - 
4 . 5 0  - 
20.1 
26.48 
25.6 
24.75 
25.0 
25.82 
24,5 
24.13 
25.9 
29.5 
29.8 
26.3 
26.47 
26.6 
27.9 
Ce 
*o. 8 - 
4 . 0  
2.27 
Cb 
- *O. 8 
4 .2  
4.38 
A1 
*o. 5 - 
2.5 
2.40 
Be Ta 
4 . 6  - 
8.3 
7.06 
Zr 
*O. 8 - 
4.2 
3.43 
Ti 
*O. 4 0 4  -
2 .2  
1.00 
*o. 3 - 
1.3 
1.94 
x *o. 2 (b) 
1.0 
1.3 
1.0 
1.1 
0.02 
0 . 2 1  
0.14 
1.0 
1.2 
*O. 4 @) *O. 8 *o. 8 *1.0 *O. 8 *o. 5 - 
2.7 
2.33 
io. 3 - 
1.4 
1.4 
*2.0 *o . 2  (b) 
70.7 
71.29 
1.0 
0 . 9  
2.2 
1.83 
69.2 
69.73 
1 . 0  
1.1 
4.2 
3.24 
69.2 
68.80 
1 . 0  
0 . 9  
1.0 
1.0 
4.2 
4.07 
66.2 
67.16 
70.1 
67.3 
68.4 
71.0 
69.69 
4 . 0  
2 .61  
0.7 
72.0 I 
70.0 
1 . "- 
(e) Not detected. 
TABLE IV-3. Chemical  Analyses of Preal loyed Atomized  Powders (Minus 325 Mesh Frac t ion )  
Obtained for  Intermediate  and Final  Evaluat ion Ef fo r t s  (Phases 2 and  3) 
i 
Westinghouse 
Mn Compositional 
Final - 
Targets 0.50 max. 
Powder No. 
19. Intended 
Actual(a) 0 .23  
Final 
Westinghouse 
Compositional 
Targets 0.20 max. 
Powder No. 
30. Intend  
ActuaJb) 0.09 
Element bercent by  weigh 
si I c 1 s I P 1 Ni ) c r  
0.25 m a .  0.020 max. 0.025 m a x  0.015max. 0.70 m a .  - 
0.033 0.0 <0.005 0.021 0.018 
0.10 max. 0.10 m a .  0.70 max. 0.010 max. 0.006 max. 0.050 max. 
0. 07 0.003 0.05 < O . O O l  0.003 0.018 
(a) Reported by the powder supplier. 
(b) Determined by Westinghouse. 
23.68 66.97 
I 
The i m p u r i t i e s  Mn, S i ,  and  C t e n d e d  t o  b e  
s l i g h t l y  h i g h e r  t h a n  t h e  target s p e c i f i c a -  
t i o n s ,  w h i l e ,  S ,  P ,  and N i  tended t o  be 
w i t h i n   t h e   s p e c i f i c a t i o n s .  The C o  and al- 
loy ing  element con ten t s  w e r e  w i t h i n  t h e  
s p e c i f i c a t i o n s .  
(b) Domtar Powders 
The i m p u r i t i e s  Mn, S i ,  and  C tended t o  be 
s l i g h t l y  h i g h ,  w h i l e  S,  P ,  and N i  were with- 
i n   t h e   s p e c i f i c a t i o n s .   I n   r e g a r d  t o  a l loy -  
ing elements ,  C e  w a s  lower and B e  s l i g h t l y  
h ighe r  t han  des i r ed .  
( 2 )  Iron+27 w/o Cobalt-Base  Alloys 
(a)  Hoeganaes  Powders 
Concern ing  the  impur i t ies ,  C t e n d e d  t o  be 
high w h i l e  "I, S i ,  S ,  P ,  and N i  were w i t h i n  
t h e   s p e c i f i c a t i o n s .  The Co, Fe,   and  alloy- 
ing  e lement  conten ts  were w i t h i n  t h e  spec i -  
f i c a t i o n s .  
(b) Domtar Powders 
The C con ten t s  were h igher  than  t h e  spec i -  
f i c a t i o n s ,  w h i l e  Mn, Si, S,  P ,  and N i  impur- 
i t i e s  were wi th in  t h e  s p e c i f i c a t i o n s .  The 
C e  a l l oy  con ten t  was low, w h i l e  B e  w a s  a s  
intended.  
I n  a d d i t i o n ,  t h e  f o l l o w i n g  s p e c i f i c  comments are 
made i n  r e g a r d   t o  chemical ana lyses .  The mangan- 
ese and s i l i con  con ten t s  o f  a tomized  powders Nos. 
3 ,  4 ,  6 ,  and 1 7  were higher   than  average.  I t  was 
necessa ry  fo r  Hoeganaes  Sponge I ron  Corpora t ion  
t o  add i n t e n t i o n a l l y  manganese  and s i l i c o n ,  u s u a l -  
l y  i n  amounts of approximately 0 . 2 5  percent  each ,  
i n  o r d e r  t o  increase f l u i d i t y  and achieve proper 
flow of the molten metal through the atomizing 
nozzle .  Of a l l  the   a l loy ing   e lements ,   ce r ium w a s  
t h e  most d i f f i c u l t  t o  r e t a i n  i n  t h e  powder i n  t h e  
intended amount. The g r e a t e s t  d i f f i c u l t y  w a s  en- 
countered during the atomizing of  powder N o .  1 6 .  
The mol t en  a l loy  f roze  in  the  a tomiz ing  nozz le  
because the metal temperature  w a s  t o o  low dur ing  
t h e  first run (Domtar Lot N o .  HN-183) ,  and atom- 
i z i n g  c e a s e d  a f t e r  o n l y  2 1  pounds of powder  had 
been  produced. The remainder of the  charge w a s  
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remelted,  more cerium added i n  an  a t tempt  t o  com- 
p e n s a t e  f o r  m e l t  l o s s ,  and atomization proceeded 
for   the   second t i m e  (Domtar Lot No. HN-185). How- 
e v e r ,  t h e  c e r i u m  l o s s e s  i n  b o t h  r u n s  of powder 
N o .  1 6  were h i g h e r  t h a n  a n t i c i p a t e d  a n d  t h e  a c t u a l  
cerium con ten t s  were 2.61 and 0.7 percen t ,  r e spec -  
t i v e l y ,  compared wi th  4 . 0  pe rcen t  i n t ended .  
All o f  t h e  1 6  preal loyed atomized powders  in  
t a b l e s  IV-2 and IV-3 had chemical  analyses  c lose 
enough t o  the  in t ended  compos i t ions  (wi th  the  
except ion of  Domtar Lot No. HN-185 of atomized 
powder No. 1 6 )  so that  they could be used and 
p r o c e s s e d   i n t o   e x t r u s i o n s   f o r   t h i s   p r o j e c t .  The 
i m p u r i t i e s  were s u f f i c i e n t l y  low t h a t  no d e t r i -  
menta l  e f fec t  on  magnet ic  or  mechanica l  proper -  
t i e s  w a s  expected. When t h e   t a r g e t  chemical com- 
p o s i t i o n  s p e c i f i c a t i o n s  i n  t a b l e  IV-2 were w r i t -  
t e n ,  t h e y  were i n t e n d e d  t o  s e r v e  a s  r i g o r o u s  
goals   for   achievement .   Since these powder com- 
posi t ions had not  been atomized before ,  the speci-  
f i c a t i o n s  were p r o b a b l y  u n r e a l i s t i c  i n  c e r t a i n  
aspec ts .   Therefore ,  t h e  t a r g e t  limits were r a i s e d  
f o r  Mn, S i ,  and C i m p u r i t i e s  i n  t he  coba l t -base  
a l l o y  o b t a i n e d  l a t e r  i n  t h e  program, table  IV-3. 
The ave rage  pa r t i c l e  d i ame te r  (APD) o f  t h e  -325 
mesh f r a c t i o n  o f  t h e  atomized  powders  ranged  from 
10 t o  26 microns ,  as  de te rmined  wi th  the  F isher  
Sub-sieve S i z e r ,  ASTM Method B330-58T. The F i s h e r  
APD va lues  for  the  var ious  powders  w i l l  be pre- 
s e n t e d  l a t e r  i n  t h i s  r e p o r t  i n  c o n n e c t i o n  w i t h  
powder compacting  and s i n t e r i n g  c h a r a c t e r i s t i c s ,  
t a b l e  I V - 1 0 .  
The p a r t i c l e  s i z e  d i s t r i b u t i o n  band f o r  t h e  -325 
f r a c t i o n  of t h e  atomized powders from t h e  two 
suppl ie rs ,  as  de te rmined  wi th  the  Coul te r  Counter ,  
a r e   p r e s e n t e d   i n   f i g u r e  IV-1. There was rela- 
t i v e l y  l i t t l e  v a r i a t i o n  i n  p a r t i c l e  s i z e  d i s t r i -  
bution  between  compositions  and  suppliers.   This 
i s  i n d i c a t e d  by t h e  s p r e a d  i n  p a r t i c l e  s i z e  from 
23 t o  35 microns a t  50 cumulat ive weight  percent  
i n  f i g u r e  IV-1. 
Microscopic examination of t h e  p a r t i c l e  s i z e ,  
shape,  and microstructure  was conducted on samples 
of  the  -325 mesh powders  mounted i n  p l a s t i c ,  p o l -  
i s h e d ,  and etched according to  s tandard metal lo-  
graphic   t echniques .  By t h i s  method, t h e   c r o s s  
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PARTICLE DIAMETER (MICRONS) 
FIGURE I V - 1 .  Particle  Size Distributions of Prealloyed  Atomized Powders 
and Composite  Powders as Determined With Coulter  Counter 
s e c t i o n s  o f  numerous powder p a r t i c l e s  were pre- 
sen ted   for   v iewing .  The powder p a r t i c l e  s i z e s  
seen under the microscope were i n  g e n e r a l  a g r e e -  
ment  wi th  the  o ther  par t ic le  s ize  measurements .  
The shape of t h e  powder p a r t i c l e s  f o r  e a c h  a l l o y  
w a s  q u a l i t a t i v e l y  d e s c r i b e d  i n  t a b l e  IV-10 as 
t end ing  towards  equ iaxed ,  sphe r i ca l ,  o r  i r r egu-  
l a r .  The i r r e g u l a r   s h a p e d   p a r t i c l e s  were elon- 
g a t e d  i n  one o r  more d i r e c t i o n s ,  w h i l e  t h e  e q u i -  
axed, had equal dimensions i n  t h r e e  d i r e c t i o n s  
b u t  were not rounded enough t o  be  ca l l ed  sphe r -  
ical .  The shape of s e l e c t e d  powders may be  seen 
a t  l O O O X  i n  f i g u r e s  IV-2 and  IV-3. S i n c e  a l l  
powders were atomized by e s s e n t i a l l y  t h e  same 
process ,  which involved breaking up t h e  stream 
of molten metal by water  j e t s  and c o l l e c t i n g  t h e  
powder i n  a t a n k  f i l l e d  w i t h  n i t r o g e n ,  t h e  s h a p e  
of  the  powder p a r t i c l e s  w a s  mainly inf luenced by 
the i r   chemica l   composi t ion .  A l l  of t h e  powders 
containing boron tended to  have more o r  less 
rounded shape even though they may not  have 
r eached   t he   sphe r i ca l   s t a t e .   A l loy ing   add i t ions  
of  the s t rong oxide forming elements  T i ,  Z r ,  C e ,  
A 1  and Be t e n d e d  t o  t u r n  t h e  p a r t i c l e s  t o w a r d s  
an i r r e g u l a r  s h a p e .  
The Co-base  powders  tended t o  b e  more s p h e r i c a l  
t h a n   t h e  Fe +27 w/o Co-base. The m i c r o s t r u c t u r e s  
of prealloyed atomized powders a t  l O O O X  magnifi-  
c a t i o n  i n  f i g u r e s  I V - 2  and IV-3 showed a f i n e  
g r a i n  s t r u c t u r e  and a f i n e  d i s p e r s i o n  o f  c o n s t i t -  
u e n t  p a r t i c l e s .  
The appa ren t  dens i ty  i s  the weight  of  powder t h a t  
f i l l s  a s tandard  volume under free-flowing condi- 
t i o n s  ( w i t h o u t  j a r r i n g )  and i s  expressed  as grams 
pe r  cub ic  cen t ime te r ,  ASTM Method  B212-48, i n  
t a b l e  I V - 1 0 .  The -325 mesh p a r t i c l e s  which were 
s u b s t a n t i a l l y  s p h e r i c a l  o r  e q u i a x e d  h a d  t h e  l a r g e r  
p a r t i c l e  d i a m e t e r s  and gave the higher  apparent  
dens i t i e s  because  of  t h e i r  b e t t e r  p a c k i n g  c h a r -  
acter is t ics  under   f ree- f lowing   condi t ions .   This  
can be a valuable  property because a g r e a t e r  
weight of powder can be poured into a c o n t a i n e r  
o r  d i e  o f  g i v e n  volume for compaction. 
b. COMPOSITE POWDERS 
Twelve composite powders,  consisting of a r e f r a c t o r y  
o x i d e  p h a s e  d i s t r i b u t e d  i n  a metal phase  wi th in  each  
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Microns 
F I G U R E  IV-2. Atomized  Powder No. 5, Co+l.Ow/oB+4.2w/oCb, Showing 
Tendency  Toward  Spherical  Shape and Fine  Grain  Struc- 
ture,  lOOOX,  Etched  in Acetic-Nitric-Hydrochloric- 
Water (1 : 1 : 4 : 1 Ratio) 
F I G U R E  IV-3. Atomized  Powder No. 12, Fe+26.lw/oCo+l.Ow/oB+2.2w/o 
Ti,  Showing  Irregular  Shape and Fine  Grain  Structure, 
lOOOX,  Etched  in  Acetic-Nitric-Hydrochloric-Water 
(1:1:4:1 Ratio) 
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powder p a r t i c l e ,  were o b t a i n e d  a c c o r d i n g  t o  Westing- 
h o u s e  s p e c i f i c a t i o n s  f r o m  t h e  t h r e e  s u p p l i e r s  l i s t e d  
i n  t a b l e  IV-4. The S h e r r i t t  Gordon manufactur ing  pro-  
cess cons i s t ed  o f  coa t ing  suspended  ox ide  co re  pa r t i c l e s  
by p r e c i p i t a t i o n  o f  metal from aqueous solution (ref. 
IV-5). Vi t ro   Labora to r i e s   p rocess  w a s  t h e  h i g h  i n t e n s i t y  
arc  covaporizat ion of  mixed oxides  of  i ron-cobal t  oxides  
t o   m e t a l   ( r e f .  I V - 6 ) .  The Chas. P f i z e r  p r o p r i e t a r y  s e m i -  
m e t a l l i c  powder process  was s e l e c t e d  t o  p r o v i d e  e i g h t  
compositions.  
Composite  powder Nos. 1, 2 ,  3 ,  4 ,  and 11 were ob ta ined  
f o r  t h e  i n i t i a l  eva lua t ion   (phase  1) of the  program. 
Powder N o s .  13,  1 4 ,  and 1 5  were used  for  the  in te rme-  
d i a t e  e v a l u a t i o n  ( p h a s e  2 ) ,  and t h e  f i n a l  e v a l u a t i o n  
(phase  3) .  
TABLE I V - 4 .  Composite Powder Compositions,   Suppliers,   and 
Weights Received 
Nommal Cornpositlon 
(weight  percent) 
Co+l1.2Th02 
64.2Fe+23.7Co+12.  lTh@ 
Cc1+4.75A1203 
C0+4.75A1203 
Co+lI .   2Th02 
Cm  11.2Th02 
64.2Fe+23.7Co+12.  lTh02 
Co+4.5Th02 
Co+8.4Th02 
Co+4.5Th02 
Co+8.4Th02 
66.2Fe+24.5Co+9.3Th02 
~ 
Specified 
Particle  Size 
of Oxide 
(microns) 
0.01-0.06 
0.01-0.06 
0.01-0.06 
0.1-0.6 
0.01-0.06 
0.1-0.6 
0.01-0.06 
0.01-0.06 
0.01-0.06 
0.01-0.06 
0.01-0.06 
0.01-0.06 
of Oxide 
Amount 
(volcme  percent 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
4.0 
7 . 5  
4 . 0  
7 . 5  
7.5 
Height of 
Powder 
Received 
(pounds) 
3.3 
4 
5 
5 
4 
4 
4 
4 
4 
4 
4 
4 
Supplier 
Sherritt  Gordon(a 
Vitro Labsb) 
chas. Pfizer(c) 
Chas.  Pfizer 
Chas.  Pfizer 
Chas.   Pfizer 
Chas.  Pfizer 
Sherritt  Gordon 
Sherritt  Gordon 
Chas.  Pfizer 
Chas. Pfizer  
Chas.  Pfizer 
bpp l i e r ' s  
Lot No. 
951 
38,39 
Rx2002 
FiX2003 
-2044 
RX2045 
RX2059 
1006 
1007 
2x2073-A 
2x2073-8 
2x2090 
______. 
(a) Sherritt Gordon Mines Ltd., Fort Saskatchewan, Alberta, Canada 
(b) Vitro Laboratories, West Orange, New Je r sey  
(c) Chas.  Pfizer and Company, Inc., Easton, Pennsylvania 
"" _ =  
148 
Information concerning chemical analyses of s i x  compos- 
i t e  powders were provided by t h e  powder supp l i e r s  and  
are l i s t e d  i n  t a b l e  IV-5 and IV-6.  I t  should be 
po in ted  ou t  t ha t  t he  Wes t inghouse  Spec i f i ca t ions  fo r  
composite powders which accompanied the Purchase Orders 
s t a t e d  t h a t  t h e  p u r i t y  o f  t h e  c o b a l t  a n d  t h o r i a . . s h a l l  
be 99.5 percent  o r  g r e a t e r ,  a n d  t h a t  t h e  s u p p l i e r  s h a l l  
r e p o r t  t h e  major i m p u r i t i e s  a n t i c i p a t e d  i n  t h e  compos- 
i t e  powder.  The t a r g e t  limits for  the   va r ious   e l emen t s  
i n  tables IV-5 and IV-6 were what  the suppl ier  worked 
toward i n  h i s  p r o c e s s i n g ,  a n d  were considered t o  be  
g o a l s  r a t h e r  t h a n  r i g i d  limits fo r  accep tance  o r  rejec- 
t i on .   Ex t rus ions  of fou r   o f   t hese  powders were s e l e c t e d  
fo r  chemica l  ana lys i s  by Westinghouse during the course 
of the program. 
Thorium oxide powder w a s  supp l i ed  by Westinghouse t o  
S h e r r i t t  Gordon  and  Chas. P f i z e r  f o r  making t h e i r  t h o r -  
iated  composite  powders.  The thor ium  oxide   in  two par-  
t i c l e  s i z e  r a n g e s ,  1 0 0  t o  300 angstrom  and 4 0 0  t o  800 
angstrom, was purchased  from  Thorium  Limited,  London, 
England. The impuri ty   content  i s  g i v e n   i n   t a b l e  IV-7. 
The composite powders were de l ive red  t o  Westinghouse 
air-packed (with the except ion of  composi te  powder N o .  
11 from V i t r o  Labs which was sea led  under  a rgon)  in  
p l a s t i c  b a g s  i n s i d e  s e a l e d  metal cans.  
The ave rage   pa r t i c l e   d i ame te r  (APD) of the  composite 
powders, as determined with the Fisher  Sub-sieve S i z e r ,  
ranged  from  about 2 t o  4 microns. The powder p a r t i c l e  
s i z e  o f  a l l  c o m p o s i t e  powders w a s  much smaller than  
that   of   the   preal loyed  a tomized  powders .  The F i s h e r  
APD v a l u e s  a r e  p r e s e n t e d  l a t e r  i n  t h i s  r e p o r t  i n  con- 
nec t ion  wi th  powder compacting  and s i n t e r i n g  c h a r a c t e r -  
i s t i c s ,  t a b l e  I V - 1 1 .  
The p a r t i c l e  s i z e  d i s t r i b u t i o n  band f o r  t h e  S h e r r i t t  
Gordon  and  Chas. Pfizer  composite  powders as determined 
wi th  the  Coul te r  Counter  are p r e s e n t e d  i n  f i g u r e  I V - 1 .  
The p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  t h e  V i t r o  Labs  powder 
N o .  11 w a s  no t  de te rmined ,  s ince  it w a s  r e p o r t e d  t o  b e  
submicron  in  s i z e  and  pyrophorric.   Figure I V - 1  shows 
tha t  t he  compos i t e  powders w e r e  f i n e r  t h a n  t h e  p r e a l -  
loyed  atomized  powders. The p a r t i c l e  s i z e  d i s t r i b u t i o n s  
were largely independent  of  composi t ion and suppl ier .  
The powder p a r t i c l e  s i z e ,  s h a p e ,  a n d  m i c r o s t r u c t u r e  
were examined under  the microscope af ter  mounting in  
p l a s t i c  and po l i sh ing  t o  revea l   c ross -sec t ions .   Photo-  
micrographs of two typical composite powder  samples 
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TABLE IV-5. Chemical  Analyses of Composite  Powders  Obtained f o r  
I n i t i a l  E v a l u a t i o n  E f f o r t  ( P h a s e  1) 
Sherritt  Gordon (a) 
Composite  Powder No. 3 
(weight percent) 
Westmghouse  Specification 
Element AnalysiP (b) Target  Limits 
Mn 0.04 max. 
0.01 0.04 max. si 
0.001 
11.8 9.7-12.7 Tho2 
Fe 
88.0 Remainder c o  
0.001 0.10 max. Cr  
0.076 0.70 max Ni 
Not Detected 0.010 max. P 
0.02 0.006 max. S 
0.04 0.020 max. C 
0 2  (other  than as ThO2) " " 
" " 
1 I 1 
Vitro  Labs 
Composite Powder No. 11 
(weight percent) 
Westmghouse  Specification 
( 4  
Target Limits Analysis 
I 
0 . 50  max. 
0.25 max. 
0.020 max. 
0.025 max. 
0.015 max. 
0.70 max. 
0.10 max. 
22.5-25,2 
62.2-66.2 
9.7-12.7 
" 
I 0.3(c) 
0 . 2  ( 4  ~ 
0.02 (c, 
0.025 (1 
0.003 (I 
0.6 (%! 
0.06 1 
23.5 
63 .0  
10.8 
I leO 
(a) Reported by the powder supplier. 
(b) Analysis of composite  powder after heating 2 hours at 1800°F in  H2 atmosphere. 
(c) Not analyzed  for.  Estimated  order of magnitude of anticipated elements. 
Element 
Mn 
Si 
C 
S 
P 
Ni 
Cr 
Fe 
rhoZ 
co 
T 
I cc 
Westinghouse 
Target Limits 
Spec. 
(weightpercent' 
0.04 max. 
0.04 max. 
0.020 max. 
0.006 rnax. 
0.010 max. 
0.70 max. 
0.10 max. 
" 
4 .5h0 .50  
Remainder 
losite Powder Iri 
Chas. Pfizer 
Lot No. 
RX2073-A 
(weight  percent: 
Analysis 
" 
" 
" 
0.010(b) 
" 
0. 030(b) 
" 
0. 050(b) 
" 
96. 1 
13 
Sherritt  Gordon 
Lot No. 
1006 
(weight  percent, 
Analysis 
" 
" 
0.035 
0.032 
" 
0.09 
" 
" 
4.2 
95.5 
T C 
Westinghouse 
Spec. 
Target  Limits 
:weight  percent 
0.04 max. 
0.04 m a .  
0.020 max. 
0.006 max. 
0.010 max. 
0.70 max. 
0.10 max. 
" 
8.41*0.50 
Remainder 
lposite Powder No. 14 
Lot No. 
RX2073-B 
Lot No. 
[weight  percent) 
Analysis 
weight percent) 
Analysis 
" 
" 
0.040 
0.032 
" 
0.08 
" 
" 
8.6 
91.1 
[a) Reported by the powder supplier. 
[b)  Analysis of cobalt  used  in  making  composite  powder. 
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TABLE IV-7. Analys is  of I m p u r i t i e s ( a )  i n  t h e  ThoZ  Used i n  
Making Composite Powders 
Tho2 f o r  Composite  Powders 
Impurity 
~~ ~~ 
C e r i u m  Oxide, C e O 2  
Other Rare Earth Oxides 
Sodium Oxide, Na20 
Calcium  Oxide, C a O  
S i l i c a ,   S i 0 2  
Iron  Oxide,  Fez03 
Heavy Metal Oxides, PbO 
I 
(a) Reported by Thorium  Limited. 
No. 4 
Tho21 Th02) 
15  (100-3008, (400-8008, 
No. 13,  1 4 ,  & 
9 PPm 3 PPm 
1 4  
2 50 30 
50  1 0  
5 
- 1 3  
- 1 0  
< 50 - 
~~ 
a r e   p r e s e n t e d   i n   f i g u r e s  IV-4  and IV-5.  The composite 
powder  from S h e r r i t t  Gordon h a d  a n  i r r e g u l a r  p a r t i c l e  
shape and, judging from the f i n e  b l a c k  s p e c k s  i n  t h e  
c o b a l t  m a t r i x ,  t h e  t h o r i a  p a r t i c l e s  were w e l l  d i spe r sed .  
The composite powders from Chas. P f i z e r  were equiaxed 
and contained numerous pores  or  holes  which appeared 
as r e l a t i v e l y  l a r g e  d a r k  a r e a s  w i t h i n  e a c h  powder par-  
t i c l e .  The a l u m i n a   p a r t i c l e s   d i s p e r s e d   i n   t h e   c o b a l t  
ma t r ix  were no t  nea r ly  a s  p rominen t .  E tch ing  was used 
t o  r e v e a l  t h e  g r a i n  s t r u c t u r e  w i t h i n  t h e  P f i z e r  powder 
p a r t i c l e s .  
The composite powders tended t o  have lower apparent 
d e n s i t i e s  t h a n  t h e  minus  325 mesh atomized powders, 
t a b l e s  IV-10 and IV-11 .  
2. Suppl ie r   Ext rus ions  of Dispersion-Strengthened  Cobal t  
The two e x t r u d e d  c o m p o s i t i o n s  l i s t e d  i n  t a b l e  IV-8 were ob- 
t a i n e d  f o r  t h e  i n i t i a l  e v a l u a t i o n  p h a s e  o f  t h i s  program. 
The c o b a l t  +10 v/o tho r i a  compos i t ion  (No. 3)  from  the New 
England  Materials  Laboratory (ref. I V - 7 )  w a s  r e c e i v e d  i n  t h e  
hot-extruded  condi t ion.  The Metals Process ing   Div is ion   of  
Curt iss-Wright   Corporat ion  ( ref .  IV-8) s u p p l i e d  t h e  c o b a l t  
+2 v/o tho r i a   compos i t ion  (No. 9 )  i n  two cond i t ions :   ho t -  
extruded and 85 pe rcen t  co ld  worked by swaging (af ter  hot -  
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THORIA PARTICLES 
1 20 10 0 
M i c r o n s  
FIGURE IV-4 .  Composite Powder N o .  3 ,  Co+10v/oTh02 (0.01-0.06 
m i c r o n  t h o r i a ) ,  from S h e r r i t t  Gordon,  Showing 
I r r e g u l a r  Pa r t i c l e  Shape and Dispersion of Thor ia  
Par t ic les  i n  C o b a l t  Matrix, lOOOX, Unetched 
PORES \ 
1 20 10 0 
M i c r o n s  
FIGURE IV-5. Composite Powder N o .  2 ,  Co+10v/oA1203 ( 0 . 1 - 0 . 6  
micron  alumina),  from Chas. P f i z e r ,  Showing 
Numerous Pores  i n  P a r t i c l e s  of Equiaxed t o  
I r regular  Shape  and  Out l ine  of Grain Boundaries, 
lOOOX, Etched in  Acet ic-Nitr ic-Hydrochlor ic-Water  
(1: 1: 4:  1 Ratio)  
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extrusion) .   According t o  t h e  s p e c i f i c a t i o n s  t h a t  t h e  s u p -  
p l i e r s  worked toward,  the puri ty  of the  coba l t  and  Tho2 w a s  
99 .5  pe rcen t  o r  g rea t e r .  
The New England Materials Laboratory suppl ied t w o  42-inch 
long  p i eces  o f  ex t rus ion  des igna ted  CR-68-1 and CR-68-2 w i t h  
an  a l loy  core  and  mi ld  steel c ladding  on  the  sur face .  The 
core diameter  was 0.375 t o  0.400 inches  and t h e  o v e r a l l  
diameter  w a s  0.562 inches.  The material w a s  r e p o r t e d  t o  have 
been  extruded a t  1850O F wi th  a 25 t o  1 reduc t ion  ra t io .  The 
chemical   analysis  of the  ex t ruded  a l loy  co re  r epor t ed  by  the  
s u p p l i e r  is i n d i c a t e d  i n  table IV-9.  The carbon  conten t  was 
s l i g h t l y  h i g h e r  t h a n  t h e  d e s i r e d  t a r g e t  l i m i t ,  wh i l e  su lphur  
con ten t  exceeded  the  t a rge t  l i m i t  by a cons ide rab le  amount. 
Also, t h e  oxygen content (other than Tho2) w a s  ve ry  h igh ,  
0 .21  percent .  
Cur t i ss -Wright  Corpora t ion  sen t  th ree  p ieces  of hot-extruded 
rod ( 2 4 - 1 / 8 ,  28-15/16,  and  31-1/16  inches  long)  having a 
t o t a l  l e n g t h  of 84-1/8 inches.   Four  pieces of co ld  swaged 
rod ( 1 6 - 1 / 1 6 ,  23-3/16, 2 0 - 1 / 4 ,  and 2 4  inches   long)   wi th  a 
l e n g t h  t o t a l i n g  83-1/2 inches w e r e  supp l i ed  from t h e i r  l o t  
N o .  PP1-18A-1. T a b l e  IV-9  shows t h a t  t h e  Tho2 con ten t  was 
s l i g h t l y  l o w e r  t h a n  t h e  t a r g e t  l i m i t .  
TABLE IV-8. Suppl ie r   Ext rus ions  of Dispersion-Strengthened  Cobalt  
Extrusion 
Number 
3 
9 
g(a) 
- " 
" 
Nominal  Composition 
(weight  percent) 
88. 8Co+ll.  2Th02 
Particle  Size 
of Oxide 
(microns) 
0.01-0.06 
0.01-0.06 
0.01-0.06 
Supplier 's   Process 
of Manufacture 
The Th% is introduced by 
the  thermal  decomposition 
of a  thorium  salt  onto  the 
cobalt  powder,  followed by 
sing, sintering, and 
hydrogen reduction, pres- 
extrusion. 
Prepared by co-dissolving 
the  desired  elements  in a 
volatile solvent, flaah- 
drying, heating, grinding, 
oxide.  Compacting, sin- 
and  reduction of cobalt 
tering,  and  extrusion are 
then  performed. 
Same as above  plus  cold 
working. 
"____ __ 
Supplier 
New England 
Materiab 
Laboratory 
curtiss- 
Wright, 
Metals 
Processing 
Division 
Same as 
above 
Lot  Number 
Supplier's 
CR-68- 1 
and 
CR-68-2 
PP1-18A-1 
Same as 
above 
(a) Supplied in cold worked condition. Cold reduction of 85  percent by swaging given to hot 
extruded  rod. All other  material  supplied in hot extruded condition. 
" .. ~. __ -___- _____-- ~ ~~ 
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TABLE IV-9.  Chemical  Analysis of S u p p l i e r   E x t r u s i o n s ( a )  
Element 
Mn 
Si 
C 
S 
P 
Ni 
C r  
c o  
Fe 
Tho2 
0 (other 
than as  
ThO2) 
0 (total) 
N 
H 
New  England  Materials 
Lab. Supplier Extrusion 
No. 3, C0+11.2Th02 
(weight  percent) 
Westinghouse 
Specification 
Target   Limits  
~~ ~ 
0.04  max.  
0 .04  max.  
0.020  max. 
0.006  max. 
0 .010  max.  
0.70 max. 
0 .10  max.  
Remainder 
"- 
9.7-12 .7  "- 
"- 
" - 
-" 
AnalysiE 
<o. 
< O .  03(b) 
0 .023 
0.028 < 0.001 < 0. O m  < 0. O m  
0.06 
0 . 2 1  
--- 
10 .4  
1.47(c) 
O.O04(C) 
0.0182(C 
T Curt iss-Wright   Suppl ier  Extrusion No. 9, C0+2.26Th02 (weight  percent) 
Westinghouse 
Specification 
Target   Limits  
0 .04  max.  
0 .04 max. 
0 .020   max.  
0 .006  max.  
0 .010  max.  
0.70 max. 
0 .10  max.  
Remainder 
2.   11-2.41 
"_  
"- 
i 
- 
Hot Analysis  
- 
0.002 
0 .001  
0.0085 < 0.001 
0.0003 
0.49 
0.079 
O:;&) 
1 .96  
0.00 
0.0010 
0.0019 
"- 
(a) Reported by the  extrusion suppl ier .  
(b) Spectrographic analysis.  
(c) Vacuum fusion at 1700°C. 
(d) Designated by supplier as Lot No. PPI-18A-1,  EA. #15. 
(e) Designated by supplier as Lot No. PP1-18A-1, Ext. #!?I. 
85% Cold 
Reduction 
Analysis(e) 
0 .001  
0 .002  
0.0092 
0.0004 
0.46 
0.070 
< 0 . 0 0 1  
O i ( b )  
2 .05 
0.00 
0.0028 
0.0011 
-" 
C. PROCESSING AND TESTING PROCEDURES 
1. Powder Process ing  
The processing of  the preal loyed atomized powders  and com- 
p o s i t e  powders i n t o  e x t r u s i o n s  was conducted according t o  
the  f low d iagram in  f igure  IV-6 .  
a. M I X I N G  O F  POWDERS 
Upon r e c e i p t ,  t h e  e n t i r e  -325 mesh por t ion  of  each  
preal loyed atomized powder and t h e  e n t i r e  l o t  of each 
composite powder (-100 mesh) w a s  mixed i n  a i r  f o r  15 
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Weighing of Powder  Charge 
~~~ ~ ~~ 
Re-Screening of Powder Charge 
~~ 
I 1 
of Powder Charge 
and Rescreening 
and  Hydrogen 
Reduction 
of Powder 
Charge 
Isostatic Pressing for 
Hydrogen Sintering of 
Powder Compact 
Manufacture of Mild Steel 
Can to  Fit Compact 
c 
Helium Leak Testing of 
Cleaned Steel  Can 
I Bake-Out of Can and Compact in 10-5 Torr Range 
Electron Beam Welding of 
Lid on  Can to Seal  Compact 
under Vacuum in  10-5 Torr Range 
Hot Extrusion of Billet to Rod 
I 
I Secondary Working of Extruded R o d  
minutes i n  a 0.25 cubic foot  double  cone  b lender  made 
o f   t ype  304 s t a i n l e s s  steel ( U . S .  Stoneware  Universal  
Laboratory  Mixer) .  The excep t ion  was composite powder 
No .  11 from Vitro L a b s  which w a s  r epor t ed  to  be  py ro -  
phoric (es t imated   0 .5   micron   par t ic le  s i z e ) .  T h i s  
powder was not  mixed,  but  unpacked and carr ied di-  
r ec t ly  in to  hydrogen  r educ t ion  unde r  a cover  gas  of 
argon. 
b. W E I G H I N G  O F  POWDER CHARGE 
A 1050-gram  (2.3 l b .  1 charge of  each cobal t -base pow- 
der  and a 950-gram ( 2 . 1  l b . )  charge of each iron+27 
w/o cobal t -base  powder were used for  subsequent  pro-  
c e s s i n g  i n t o  an ex t rus ion .  
TABLE I V - 1 0 .  Particle Size,   Shape,   and  Apparent   Densi t ies  of 
P rea l loyed  Atomized Powders and Density of 
Compacts  (Minus  325 Mesh Powders) 
- AtOK 
No. 
3 
4 
5 
6 
7 
8 
9 
12 
13 
14 
- 
6" ( 4  
16(e) 
17 
18 
19 
30 
ad Powder 
Type 
Co+B+Ti 
Co+&cb 
Cot B+ Zr 
Cot Ce 
Co+B+Ta 
C o + N  
Cot Be 
Fe+Co+B+Zr 
Fe+Co+B+Ti 
Fe+Co+B+Cb 
Fe+Co+BtTa 
Fe+ Co+Ce 
Fe+Co+Ce 
Fe+Co+N 
Fe+Co+Be 
Fe+Co+  Zr 
Co+B+Cb 
I Part ic le  Powder Fisher APD Size 
(microns) 
14. 5 
25. 6 
12. 3 
18. 2 
15. 6 
13. 7 
16. 8 
15. 7 
21.0 
11.2 
17. 5 
19.4 
9. 7 
14.6 
14. 5 
10.2 
20. 1 
Powder  Particle  Shape 
Irregular 
Irregular 
Moderately  Spherical 
Moderately  Spherical 
I r regular   to  Equiaxed 
Irregular 
Irregular  to  Equiaxed 
Irregular  
Irregular 
Moderately  Spherical 
Irregular  to  Spherical 
I r regular  
Irregular  to  Equiaxed 
Irregular  
Irregular 
Irregular 
Moderately  Spherical 
Apparent  Density 
d 
.. 
3. 16 
2. 86 
4. 34 
4. 33 
3. 55 
2. 63 
3. 54 
2.90 
2. 63 
3. 32 
3. 08 
1.90 
2.57 
3. 39 
2.71 
1.90 
3.  41 
wder 
(percent 
35. 7 
32. 3 
49. 1 
48.9 
29. 7 
40. I 
40.0 
36. 5 
41. 8 
33. 1 
23. 9 
38. 8 
42.6 
32. 3 
23.9 
34. 1 
38. 5 
-L k n s i t v  of Green(a: 
50,000 
a t  
psi 
5 9 b )  
61 
66 
60 
65({) 
66(f) 
65 
69 
66 
65 
78 
6 d f )  
69(f) 
66 
76 
" 
" 
at 
100,000 
psi  
73 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
Density 
of 
Sintered 
be rcen t Ja )  
Compa t 
3 hrs. 1800°F 
in H2 
5 9 b )  
66(C) 
66 
71 
65 
61 
67 
65 
67 
66 
65 
78 
69 
67 
66 
76 
" 
(a)  Estimated  accuracy  approximately i 1%  because  densities  were  measured on unmachined compacts. 
(b)  Difficult  to  measure  accurately  because  cracks  developed  at  top of compact  during  storage. 
(c)  Green  compact  was  repressed  at  100,000 after first  pressing  at  50,000  psi. 
(d) Domtar Chemicals Ltd. , Lot No. HN-183. 
(e) Domtar Chemicals Ltd., Lot NO. HN-185. 
( f )  Powder given internal oxidation treatment before pressing. 
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c. RE-SCREENING O F  POWDER CHARGE 
I n  t h e  case of  the preal loyed atomized powders ,  a l l  
powder samples  t aken  fo r  subsequen t  t e s t ing  o r  p rocess -  
i n g  were screened again through 325 mesh a t  Westinghouse. 
On the  average ,  s i x  pe rcen t  by weight  of  the powder 
des igna ted  -325 mesh by t h e  s u p p l i e r  w a s  t o o  c o a r s e  t o  
pass  t ; lrough  the 325 mesh sieve i n  o u r  l a b o r a t o r y .  N o  
t rea tment  w a s  appl ied  t o  t h i s  o v e r s i z e  p o r t i o n  t o  t r y  
t o  make it pass through 325 mesh. 
d. HYDROGEN REDUCTION  TREATMENTS FOR POWDERS 
An e l e c t r o n  d i f f r a c t i o n  s t u d y  of the oxide f i lms formed 
o n  c o b a l t  a t  0 . 1  atmosphere of oxygen over the temper- 
a ture  range of  392' t o  932' F (200 '  t o  500'  C)  has  been 
r e p o r t e d   i n   t h e   l i t e r a t u r e   ( r e f .  I V - 9 ) .  A f t e r  50 min- 
u t e s  a t  392' F (200 '  C ) ,  both COO and Co304 w e r e  de t ec t ed .  
The ox ida t ion  of c o b a l t  was l a t e r  i n v e s t l g a t e d  a t  t e m -  
pera tures   o f  392' t o  1 2 9 2 '  F (200 '  t o  700'  C)  f o r  oxygen 
pressures   of  0 . 1  t o  0 . 0 0 5  a tmospheres   ( ref .  I V - 1 0 ) .  
Ox ida t ion  o f  coba l t  a t  h ighe r  t empera tu res ,  1 4 7 2 '  t o  
2192 '  F (800 '  t o  1 2 0 0 '  C )  and 1112 '  t o  2192 '  F (600 '  t o  
1 2 0 0 '  C ) ,  ha s  a l so  been  exp lo red  ( r e f s .  I V - 1 1  and I V - 1 2 ) .  
Co304 has  been  var ious ly  repor ted  to  be  uns tab le  above  
1 7 4 2 '  F (950O C )  i n  a i r  (ref.  I V - l l ) ,  above  1688' F 
( 9 2 0 '  C )  i n  a i r  ( r e f .  I V - 1 2 1 ,  above  1652' F (900 'C)  i n  
0 . 0 1 3  t o  27 .2  atmospheres  oxygen  pressure  (ref.  IV-13) , 
and  above  1688' F (920 '  C )  i n  oxygen p res su re  o f  less 
than  one  atmosphere  (ref.  I V - 1 4 ) .  Summaries of  oxida- 
t i o n  s t u d i e s  a r e  r e a d i l y  a v a i l a b l e  ( r e f s .  I V - 1 5  and 
I V - 1 6 )  . 
An Fe+30 w / c  C o  a l l o y  o x i d i z e d  a t  572' F (300 '  C)  f o r  
30 minutes i n  0 . 1  atmosphere of oxygen showed t h e  pre- 
sence of Fe304 on the  s u r f a c e  and a s p i n e l ,  which may 
have  been e l the r  F e 3 O 4 ,  CoO-Fe203 s p i n e l s  o r  a mixture  
of t h e  two ( r e f .  I V - 1 7 ) .  COO was not   observed  on  the 
s u r f a c e  o r  i n  t h e  body of the oxide even though the 
weight   percentaqe  of   cobal t  w a s  a s   h igh  as 30.  There 
may have been a so l id  phase  reac t ion  be tween COO and 
Fez03 t o  form t h e  s p i n e l ,  CoO-Fe203. Also it w a s  re- 
p o r t e d  t h a t  o x i d e  f i l m s  formed a t  1112'  F (600 '  C )  and 
one millimeter oxygen pressure on 5,  30,  and 40  per-  
c e n t  Co-Fe a l l  gave Fe304 t y p e  p a t t e r n s  ( ref .  IV-18). 
The s t anda rd  f r ee  ene rgy  o f  fo rma t ion  o f  t he  sp ine l  
c o b a l t  f e r r i t e ,  CoFe204,  from the oxide components COO 
and  Fez03  has   been  calculated  ( ref .  I V - 1 9 ) .  A l so ,   t he  
s t a b i l i t i e s  o f  Co and COO as a function of oxygen ac- 
t i v i t y  and  tempera ture ,  and  the  ac t iv i ty  of COO i n  con- 
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TABLE IV- 11. 
:omPosite 
Powder 
No. 
3 
11 
1 
2 
3 
4 
11 
13 
14 
13 
14 
15 
Supplier 
Sherritt  Gordon 
Vitro Labs 
Chas. Pfizer 
Chas.  Pfizer 
Chas.  Pfizer 
Chas.  Pfizer 
Chas. Pfizer 
Sherritt  Gordon 
Sherritt  Gordon 
Chas. Pfizer 
Chas.  Pfizer 
Chas.  Pfizer 
Particle  Size,  Shape, and Apparent  Densities of Composite 
Powders and Density of Compacts 
Supplier's 
Lot No. 
951 
38, 39 
m o o 2  
RX2003 
Rx2044 
Rx2045 
RX2059 
1006 
1007 
RX2073-A 
RX2073-B 
RX2090 
Specified 
Particle 
Nominal  Composition 
Size of 
Oxide 
(weight percent)  (microns) 
C o t l l .   2 T h Q  0.01-0.06 
64.2Fe+23.7Cot12.  lTh@  0.01-0.06 
Cw4.75Al203 
0.01-0.06 C w l l .   2 T h Q  
0. 1-0.6 Cw4.75Al203 
0.01-0.06 
C o t l l .  2Th% 0.1-0.6 
64.2Fe+23.7Co+12.  lTh@ 0.01-0.06 
cw4 .5Th02  0.01-0.06 
Cw8.4Th02 0.01-0.06 
cw4.5Th02 0.01-0.06 
Cw8. 4Th@ 
0.01-0.06 66.2Fe+24.5Co+9.3ThQ 
0.01-0.06 
a) Percent of theoretical density. 
b) After hydrogen reduction of 6 hours  at 1220°F. 
c)  Estimated by supplier  to be 0.5  micron  before  hydrogen  reduction. 
d) Sintered 2 hrs. 2000°F in hydrogen. 
Particle 
Powder 
Size-  Powder 
Fisher  APD Particle 
(microns)  Shape 
2.6 
bre u- 1. 3(b)(c) 
Irregular 
la%) 
2.6 
Equiaxed 3.9 
Equiaxed 
3.6 
4.0 
Equiaxed 1.6 
Equiaxed 3.6 
Equiaxed 
Equiaxed 3.9 
Irreguliu 2.6 
Irregulax 
1.5 Equiaxed 
2.5 Equiaxed 
Apparent  Density 
of Powder 
k/cc)  bercent)(a) 
Z. 40 26.8 
1.58(C) 19 .4b )  
2.53 
2.63 
30.0 2.69 
31. 1 2 . 6 0  
30.3 
17.3 1.40 
20.8 1.86 
32.4 2. 88 
25.0  2.23 
27.4 2 . 4 4  
16.5 1. 35 
29.4 
I 
at 
percent lb)  
50,000  psi 
69 
57 
70 
66 
71 
73 
75 
68 
71 
74 
73 
74 
t a c t  wi th  a Co-Fe a l l o y  as a f u n c t i o n  of ox ide  compo- 
s i t i o n  i n  t h e  s y s t e m  CoO-FeO a t  2192O F (1200O C )  have 
been determined (ref. IV-20)  . 
Thermodynamic ca l cu la t ions  have  shown t h a t  t h e  o x i d e s  
o f  c o b a l t  (COO and C03O4) are reduced by hydrogen even 
in  a tmospheres  conta in ing  la rge  amounts  of  water vapor 
(ref. -X-10) .  Furthermore, a g r a p h i c a l   p r e s e n t a t i o n  
of  the thermodynamic requirements  in  regard t o  temper- 
a t u r e  and dew p o i n t  on  the  ox ida t ion  o f  metals and re- 
duc t ion  o f  t he i r  ox ides  in  hydrogen  ind ica t ed  tha t  a 
dew po in t  o f  w e l l  above +65O F a t  1220O F w a s  s u f f i c i e n t  
f o r  r e d u c t i o n  of COO t o  Co ,  and FeO and Fe304 t o  Fe 
(ref. I V - 2 1 ) .  However, it should   be   ment ioned   tha t  
sp ine ls  might  respond to  a given hydrogen atmosphere 
i n  a manner u n l i k e  t h a t  shown by t h e  i n d i v i d u a l  o x i d e s  
( r e f s .  I V - 2 1  and I V - 2 2 ) .  
Hydrogen r educ t ion  t r ea tmen t s  were a p p l i e d  t o  a l l  pow- 
d e r s  on t h i s  program for  the  purpose  of  reducing  oxides  
o f   c o b a l t  and i ron  before   compact ion.  The powders, 
wi th  the  except ion  of those  g iven  in t e rna l  ox ida t ion  
treatments which w i l l  be d i s c u s s e d  l a t e r ,  were hydrogen 
reduced  for  s ix  hours  a t  1220O F. 
An Inconel  600  r e t o r t  i n s i d e  an e lec t r ica l  r e s i s t a n c e  
heated box furnace (Pereco Model FGO-7800 furnace  1 8  
inches  wide by 18 inches high by 2 4  inches deep)  w a s  
employed for   hydrogen   reduct ion   t rea tments .  The r e t o r t  
was cons t ruc t ed  from 1/8-inch-thick sheet and had in- 
side dimensions  of  14-3/4  inches  wide  by 7-3/4 inches  
high by 21-1 /4  i n c h e s  long.  For t h e  i n i t i a l   e v a l u a t i o n  
phase  (phase 1) of the  program, a mechanical seal  was 
used   be tween   t he   r e to r t   l i d  and  pan.  This  consisted 
of machine screws and nu t s  o f  18 -8  s t a in l e s s  s teel  
spaced a t  approx ima te ly  2 - inch  in t e rva l s  a long  the  one  
inch wide t o p  f l a n g e  t o  draw t h e  l i d  down a g a i n s t  t h e  
sof t  copper  gaske t  (1 /16- inch- th ick  by l - inch  wide) 
interposed  between  retort   pan  and l i d .  The g a s k e t  w a s  
d ispensed with and the l i d  w a s  T I G  welded t o  t h e  f l a n g e  
o n  t h e  r e t o r t  p a n  f o r  t h e  i n t e r m e d i a t e  a n d  f i n a l  e v a l u -  
a t ion   phases   o f   the   p rogram.   This   fur ther   insured  
against  leakage and promoted the at ta inment  of  the low- 
est d e w  po in t  poss ib l e  unde r  the  cond i t ions  used .  A 
maximum of  four  powder charges could be hydrogen re- 
duced a t  t h e  same t i m e  i n  t h e  r e t o r t  by sp read ing  ou t  
each powder t o  a depth of  1/4- inch in  shal low,  rectang-  
u l a r  t r a y s  (150-mm long by 65-mm wide by 19-mm high)  
o f  imperv ious ,  r ec rys t a l l i zed  99% alumina  (Coors A D - 9 9 ) .  
A 1050-gram (2 .3  lb . )  powder charge w a s  u sed  wi th  the  
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cobal t -base  a l loys  and  a 950-gram ( 2 . 1  l b . )  powder 
charge with the Fe+27 w/o Co-base a l l o y s .  
These weights  would yield about  1 2 0  cc (7 .2  cubic 
inches)  of  1 0 0  percent  dense  metal, a f te r  e x t r u s i o n ,  
a l l o w i n g  f o r  t h e  d i f f e r e n c e  i n  dens i ty  be tween  coba l t  
and Fe+27 w/o Co, bu t  w i thou t  a l lowance  fo r  metal loss 
during handl ing,  compact ing,  and extrusion.  
S i x  t r a y s  o f  powder charges  were p l aced  in s ide  each  o f  
two Alundum D-shaped muff les  of  3 i n c h e s  i n s i d e  h e i g h t  
by 6 i nches  in s ide  wid th  by 20  i nches  l eng th  by  3/8- 
inch  wal l   th ickness   (Norton Co. N o .  46230,  Mixture 
"4139, fused  98.8%  alumina, 36 percent  apparent  por-  
o s i t y ) .  The muff les   acted  to   channel   the  hydrogen  f rom 
t h e  two i n l e t  p o r t s  a t  t h e  back  o f  t he  r e to r t  ove r  t he  
powder  and a l so  p reven ted  loose  material f r o m  f a l l i n g  
i n t o  t h e  powder. 
Since composite powder No. 11 from Vitro Labs was re- 
po r t ed  by  them t o  be submicron (estimated 0 . 5  micron) 
s i z e  and pyrophoric, t h e  e n t i r e  f o u r  pound q u a n t i t y  
rece ived  was removed under argon from two h e r m e t i c a l l y  
sea l ed  cans  i n  which it was sh ipped  and  spread  out  to  
a depth of  0.5 inches i n  15  sha l low,  r ec t angu la r  t r ays  
(150-mm long by 65-mm wide by 19-mm high)  of  impervious,  
r e c r y s t a l l i z e d  99 percent  alumina  (Coors A D 9 9 )  p laced  
i n s i d e   t h e   I n c o n e l  600 r e t o r t .   T h i s  work was performed 
i n s i d e  a 30-inch I . D .  by 48-inch  long Vacuum I n d u s t r i e s  
glove box which had been evacuated t o  less than one 
micron  of   mercury  before   back-f i l l ing  with  argon.   After  
b o l t i n g  on t h e  r e t o r t  l i d  and s e a l i n g  o f f  i n l e t  a n d  
o u t l e t  tubes, t h e  r e t o r t  and  powder were removed  from 
the  g love  box and placed i n  an e l e c t r i c a l  r e s i s t a n c e  
furnace where a hydrogen reduct ion t reatment  w a s  a p p l i e d  
i n  t h e  n o r m a l  manner. The powder w a s  no t   pyrophor ic  
a f t e r  hydrogen reduction because of a s i n t e r i n g  t o g e t h e r  
o f  i nd iv idua l  powder p a r t i c l e s ,  t h u s  e f f e c t i v e l y  i n -  
c r e a s i n g  t h e i r  s i z e .  
The hydrogen used for  reduct ion and the  a rgon  used  for  
pre-purge  and  pos t -purge  of  the  re tor t  f lowed f rom the i r  
respec t ive  cy l inders  th rough an  a t tached  Deoxo Hydrogen 
C a t a l y t i c  P u r i f i e r  (Model 10-50)  and  then  through a 
Drierite Drying  Apparatus. The g a s  i n l e t  l i n e  was 1 / 4 -  
inch O.D.  by 0.035-inch wall  Inconel 600 tubing running 
o u t s i d e  t h e  r e t o r t  t o  t h e  back  where t h e  g a s  e n t e r e d  
through two i n l e t  p o r t s .  The o u t l e t  l i n e  o n  t h e  f r o n t  
of t h e  r e t o r t  w a s  3/8-inch O.D.  by 0.035-inch wall  tub- 
i n g  of t h e  same m a t e r i a l  which r a n  t o  a Lec t rodryer  
Dew Po in t  Ind ica to r  con ta in ing  d ry  ice  i n  a c e t o n e  i n  
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t h e  cup  with mirror f i n i s h .  Copper tubing from  the 
o u t l e t  o f  t h e  dew po in t  cup  ca r r i ed  the  hydrogen  t o  
burn-of f . 
The hydrogen cyl inder  gas  w a s  purchased with a guaran- 
teed puri ty  of  99.95 percent  and contained less than  
1 0  ppm 02, less than  100  ppm N 2 ,  less than  40 ppm car- 
bon  be<.rlng  gases,   and less than  30 ppm moisture .  The 
argon w a s  guaranteed 99.996 percent  pure  wi th  less than  
the   fo l lowing   amounts   o f   impur i t ies :  7 ppm 02, 15 ppm 
N 2 ,  5 ppm carbon bear ing  gases ,  1 ppm H z ,  and 15 ppm 
moisture .  A f t e r  pass ing   th rough  the  Deoxo P u r i f i e r  
and Drierite, t h e  dew poin t  of  the  hydrogen  w a s  meas- 
ured  to  be  l o w e r  than  -9 O o  F. The gas flow rates w e r e  
ad jus t ed  by  means of cy l inde r  f low meters t o  give a 
minimum o f  f i v e  volume c h a n g e s  p e r  h o u r  i n  t h e  r e t o r t .  
Af t e r  p re -purg ing  the  r e to r t  w i th  a rgon ,  t he  hydrogen  
w a s  turned on and t h e  t e m p e r a t u r e  r a i s e d  t o  1220O F. 
During the f i r s t  four  hours  a t  1220O F t h e  dew p o i n t  
s t e a d i l y  improved as mois ture  w a s  removed.  During t h e  
l a s t  two hours a t  1220O F,  t h e  dew point measured a t  t h e  
ou t l e t  ave raged  -64O F f o r  a l l  r educ t ion  t r ea tmen t s .  
The argon was turned on and t h e  hydrogen off when t h e  
r e t o r t  had  cooled  to   about  4 0 0 °  F. Upon f u r t h e r  c o o l i n g  
t o  a b o u t  l o o o  F ,  t h e  dew po in t  o f  t h e  argon a t  t h e  o u t -  
l e t  averaged -83O F. 
e .  BREAKING U P  CAKE AND RE-SCREENING 
The hydrogen reduced powders were dumped from t h e  a l u -  
mina t r a y s  i n t o  a high-speed blender  for  purposes  of 
breaking up the soft  cake which formed i n  some a l l o y s .  
This   opera t ion  was performed  dry. The powder w a s  then  
screened and l o a d e d  i n t o  r u b b e r  b a g s  f o r  i s o s t a t i c  
press ing .  The prealloyed  atomized  powders w e r e  sc reened  
through 325 mesh t o  remove t h e  few remaining agglomerated 
p a r t i c l e s .  The composite  powders,  which  had a much f i n e r  
o r i g i n a l  p a r t i c l e  s i z e  tha t  the  a tomized  powders ,  t ended  
t o  form a s t ronger  cake .  Rather  than  employ extended 
per iods  i n  t h e  blender,  the composite powders were screened  
through 28 mesh. 
A t  t h i s  p o i n t  b e f o r e  p r e s s i n g ,  a 0.25 w/o Z r  a d d i t i o n  
i n  t h e  form of Z r H 2  powder from Ventron Corporation, 
Metal Hydrides Divlslon having a p u r i t y  g r e a t e r  t h a n  
9 9  percent  and a p a r t i c l e  s i z e  of less than  2 microns 
was made t o  one charge of composite powder No. 1 4 ,  Co 
+ 8.4 w/o Tho2 from S h e r r i t t  Gordon. The Z r H 2  w a s  
mixed with the composite powder us ing  a high-speed 
s t a i n l e s s  s teel  blender   under   argo  inside a glove box 
which was f i r s t  e v a c u a t e d  t o  IxlO-’ t o r r  and then 
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back- f i l l ed  wi th  a rgon .  A master b lend  was f i r s t  made 
from the Z r H 2  add i t ion  and  200 grams of composite pow- 
der .  This  was s p l i t  i n t o  t h r e e  e q u a l  w e i g h t s  a n d  m i x e d  
s e p a r a t e l y  w i t h  t h r e e  c h a r g e s  of composite powder weigh- 
i n g  233   grams  each .   F ina l ly   the   th ree   charges  were 
p laced  i n  a double  cone  b lender ,  sea led  under  a rgon ,  
and blended together  for  30 minutes .  The mixture  w a s  
i s o s t a t i c a l l y  p r e s s e d ,  h y d r o g e n  s i n t e r e d ,  a n d  e x t r u d e d  
i n  t h e  u s u a l  manner t o  be desc r ibed  l a t e r .  
f .  INTERNAL OXIDATION TREATMENTS AND SUBSEQUENT 
HYDROGEN REDUCTION 
I t  was r e p o r t e d  i n  t h e  l i t e r a t u r e  ( re f .  IV-23) t h a t  
i n t e rna l  ox ida t ion  began  a t  1652O F (900 '  C )  and became 
more i n t e n s e  a t  h i g h e r  t e m p e r a t u r e  i n  a C o  + 5 w/o A 1  
a l loy specimen cut  f rom a vacuum-melted ingot  and exposed 
t o  a i r  for 50 hours .  The 5 w/o A1 presen t  had  l i t t l e  
e f f e c t  on t h e  s c a l i n g  ra te  of  cobal t  above 1652O F (900 '  C ) .  
Also,  Co+32w/oCr+0.4lw/oAl  and Co+32 w/oCr+0.39w/o B e  
a l l o y s  were o x i d i z e d   f o r  50 h o u r s .   I n   b o t h   a l l o y s   i n t e r n a l  
ox ida t ion  was e v i d e n t  a t  1652' F ( 9 0 0 °  C) and  became  deep- 
e r  wi th   increas ing   tempera ture .  The o x i d a t i o n   o f   c o b a l t -  
aluminum a l l o y s  a t  1112 '  t o  2462O F (600O t o  1350' C )  i n  
low-pressure oxygen was r e p o r t e d  t o  r e s u l t  i n  t h e  f o r m a t i o n  
of gamma alumina on the surface below about 1652O F ( 9 0 0 °  C )  
which permit ted the passage of  cobal t  ions through t h e  l a y e r ,  
becoming o x i d i z e d  t o  C03O4. The t ransformat ion   f rom gamma 
alumina t o  alpha alumina occurs between 1652O t o  2012O F 
(900'  t o  l l O O o  C )  and is accompanied by volume  changes 
which  can  cause  f issur ing  of  t h e  scale ( r e f s .  I V - 2 4  and 
IV-25) . 
The in t e rna l  ox ida t ion  o f  N i + A l  a l loy specimens from 
c a s t i n g s  a t  1830O F f o r  times of 6.25, 2 5 ,  and 1 0 0  hours  
has  been  s tud ied  a t  fou r  l eve l s  o f  oxygen  p res su re  
ranging  f rom  to 1 0  atmospheres. The e x t e n t   o f  
the  subsca le  format ion  was genera l ly  independent  of 
oxygen p r e s s u r e ,  as were s u b s c a l e  p a r t i c l e  c h a r a c t e r -  
i s t ics  and  hardnesses   ( ref .  I V - 2 6 ) .  Powders  of d i l u t e  
Cu+Si,  Cu+A1, N i + A 1 ,  and N i + C r  a l l o y s  were i n t e r n a l l y  
oxidized,  hydrogen  reduced,  compacted,  sintered  and 
extruded.  A s u b s t a n t i a l   s t r e n g t h e n i n g  effect  was 
achieved   wi th   the  A 1 2 0  d i s p e r s i o n s   ( r e f .  I V - 2 7 ) .  The 
i n t e r n a l  o x i d a t i o n  o f  d i l u t e  a l l o y s  o f  Cu+Si  and Cu+Al 
i n  t h e  form  of -20  mesh powder has been r e p o r t e d  ( re f .  
I V - 2 8 ) .  Powder compacts  of Cu+O.38w/o B e ,  Cu+O.l9w/o 
A l ,  Ni+l.gw/o A 1  and  Ni+l.Ow/o C r  a l loys have been in-  
t e r n a l l y   o x i d i z e d  (ref.  I V - 2 9 ) .  Furthermore,  A 1 2 0 3  
d i s p e r s i o n s  i n  F e + A l  a l l o y  powders (-100 mesh)  have 
been  produced by i n t e r n a l  o x i d a t i o n  t r e a t m e n t s  ( re f .  
IV-30). 
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I n t e r n a l  o x i d a t i o n  t r e a t m e n t s  w e r e  a p p l i e d  t o  t h e  f o l -  
lowing four prealloyed atomized powders t o  produce 
nominally 1 0  v/o d i s p e r s e d  a l u m i n a  o r  b e r y l l i a  i n  t h e  
matr ix .  
Atomized 
Powder N o .  
Nominal Composition 
(weight  percent )  
8 C0+2.5A1 
9 C o + l .  3Be 
1 7  Fe+26.3Co+2.7Al 
1 8  Fe+26.6Co+1.4Be 
The Inconel  600  r e t o r t  and  fu rnace  used  fo r  i n t e rna l  
oxidat ion t reatment  of  the powders ,  and the subsequent  
hydrogen reduct ion of  cobal t  and i ron oxides  back to  
metal  were desc r ibed   p rev ious ly .  The f lange   on  t h e  
r e t o r t  pan w a s  machined f l a t  by mil l ing and then pol-  
i shed .  A 1/16-inch-thick n i c k e l  gaske t  w a s  i n t e rposed  
between t h e  r e t o r t  pan  and l i d ,  which was drawn t i g h t  
by b o l t s  a t  two i n c h  i n t e r v a l s .  
The 99.5  percent  purity  oxygen  (water-pumped)  used  for 
i n t e r n a l  o x i d a t i o n  w a s  d r i e d  by passing through a 
Dr ie r i te  dry ing   appara tus .  The hydrogen  used  for re- 
duct ion and the argon used for  pre-purge and post-purge 
of t h e  r e to r t  f l owed  from t h e i r  cy l inde r s  t h rough  two 
Deoxo Hydrogen C a t a l y t i c  P u r i f i e r s  (Model 10 -50)  a t -  
tached i n  p a r a l l e l  and thence through a Drieri te dry- 
i ng  appa ra tus ,  as desc r ibed  ear l ier .  
The t r e a t m e n t  u s e d  i n  t h e  p r e l i m i n a r y  i n t e r n a l  o x i d a -  
t i o n  t r i a l s  i n v o l v e d  f i r s t  h e a t i n g  t h e  -325 mesh pow- 
ders t o  1830" F and holding for  two h o u r s  i n  p u r i f i e d  
and dr ied  hydrogen flowing a t  7 SCFH ( 5  r e t o r t  volume 
changes  per  hour)  in  order  t o  reduce  cobal t  and  i ron  
oxides ,  tha t  might  be  present ,  back  to  metal, and t o  p u t  
t h e  aluminum and b e r y l l i u m  a d d i t i o n s  i n  s o l i d  s o l u t i o n .  
Af te r  ho ld ing  an  addi t iona l  1 /2-hour  a t  1830O F whi le  
the hydrogen atmosphere was rep laced  by p u r i f i e d  and 
dr ied argon,  dr ied oxygen was s lowly introduced over  a 
1 /2-hour  per iod  unt i l  a complete oxygen atmosphere 
flowing a t  5 SCFH was obta ined .  The powder was exposed 
for  a n  a d d i t i o n a l  s i x  h o u r s  a t  1830O F t o  the  f lowing  
oxygen while  spread out  to  a depth varying from 5/8 t o  
1 / 1 6 - i n c h  i n  f l a t ,  99 percent  a lumina  t rays  (Coors  
AD991 150-mm long by 65-mm wide by 19-mm high.  The 
t r a y s  were l o c a t e d  i n s i d e  two Alundum D-shaped muff les  
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of 3 - inch  in s ide  he igh t  by 6-inch in s ide  wid th  by  20- 
i nch  l eng th  by 3/8-inch w a l l  th ickness  (Norton Co.  No. 
46230,  Mixture "4139, fused  98.8%  alumina,  36%  appar- 
e n t  p o r o s i t y ) .  The powder w a s  cooled t o  room tempera- 
tu re  under  a rgon  f lowing  a t  5 SCFH. 
Cross sec t ions  o f  bo th  ox id ized  powder cake,  and the 
cake af ter  hydrogen reduction a t  1220' F fo r  38 hours  
were examined  under  the  microscope. The alumina  and 
b e r y l l i a  p a r t i c l e s  r e s u l t i n g  from t h i s  t r e a t m e n t  v a r i e d  
from  coarse  (micron s i z e  range)  a t  t h e  t o p  of t h e  5/8- 
inch- th ick   cake   to   f ine   ( submicron  s i z e  range)  a t  t h e  
bot tom of  the  c ross  sec t ion .  
On t h e  basis of  these  pre l iminary  t es t s ,  it was decided 
t o  i n t e r n a l l y  o x i d i z e  new samples  of  the same -325 mesh 
powders spread out i n  t r a y s  t o  a uniform depth of 1/8 
inch using a t w o  hour  ins tead  of  the  prev ious  s i x  hour 
hold ing  time a t  1830O F i n  oxygen  flowing a t  7 SCFH. 
Othe rwise ,  t he  in t e rna l  ox ida t ion  p rocedure  and  equ ip -  
ment were t h e  same as i n  t h e  p r e l i m i n a r y  t r ia l s .  Each 
powder sample was o x i d i z e d  s e p a r a t e l y  w h i l e  s p r e a d  o u t  
i n  1 2  a l u m i n a   t r a y s   t o  a depth of 1/8-inch. The powder 
charge weights  were 1050  grams  each  of t h e  Co-base pow- 
d e r s  (Nos. 8 and 9 )  , and 950 grams each of the Fe+27w/oCo 
powders (Nos. 1 7  and   18 ) .   Th i s   p rocedure   r e su l t ed   i n  
the formation of  a r e l a t ive ly  un i fo rm s i z e  o f  d i spe r sed  
alumina  and  beryl l ia   par t ic les   (mainly  submicron)   f rom 
t o p  t o  bot tom  of   the  cross   sect ion  of   the  cake.   There-  
fo re ,  t he  powders  ox id i zed  in  th i s  manner appeared t o  
b e  s a t i s f a c t o r y  f o r  p r o c e s s i n g  i n t o  e x t r u s i o n s .  
The oxidized cake was broken up i n t o  powder i n  a s t a i n -  
less s tee l  t ray,  high speed blender ,  and,  where neces-  
s a ry ,  P i t ch fo rd  Pica Blender-Mill Model No. 3800, 
(Pi tchford  Manufactur ing  Co. ,   Pi t tsburgh,  Pa.)  us ing  
s t a i n l e s s  s t ee l  con ta ine r s  and  hardened s teel  b a l l s .  
The oxid ized  powder was screened through 65  mesh be- 
fore  hydrogen reduct ion.  
S i x  Alundum tubes 2- inch inside diameter  by  3/8-inch- 
t h i c k  w a l l  by 2-1/2 inches long of 99.8 percent alumina 
wi th  36 percent  apparent  poros i ty  (Nor ton  C c .  "4139) 
were f i t t e d  i n s i d e  s i x  99 percent  a lumina  t rays  and  
f i l l e d  w i t h  o x i d i z e d  powder t o  a height  of  approximately 
1-1/2 inches .  The t r a y s  were p l a c e d   i n s i d e  two  Alun- 
dum D-shaped muff les  descr ibed  previous ly  t o  keep  so l id  
contaminants  f rom fal l ing into the powder ,  and loaded 
i n t o  an  Inconel 600  r e t o r t .  Each oxid ized  powder com- 
p o s i t i o n  was g iven  hydrogen  reduct ion  t rea tments  sep-  
a r a t e l y .  The purpose   o f   conta in ing   the  powder i n  2-inch 
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i n s ide  d i ame te r  t ubes  w a s  t o  p r o v i d e  a c y l i n d r i c a l  
shape  o f  t he  p rope r  d i ame te r  su i t ab le  fo r  an  ex t ru -  
s i o n  b i l l e t  i n  case t h e  powder p a r t i c l e s  s t r o n g l y  
bonded t o g e t h e r  and  formed a d e n s e ,  d u c t i l e ,  metallic 
cake during hydrogen reduction which would not lend 
itself t o  compaction t o  s i z e  by t h e  n o r m a l  i s o s t a t i c  
press ing  procedure .  
Hydrogen r educ t ion  o f  t he  coba l t  and  i ron  ox ides  con- 
s i s t e d  o f  h e a t i n g  t o  1200O F and holding for  approxi-  
mately 18 hours with a 6 t o  1 ra t io  of  a rgon  and  hydro-  
gen  mixture  f lowing a t  7 SCFH t h r o u g h  t h e  r e t o r t .  Then 
the  tempera ture  w a s  r a i s e d  t o  1800O F and held for ap- 
proximately 11 hours .  The 6 t o  1 argon-hydrogen mix- 
t u r e  f l o w i n g  a t  a minimum of  7 SCFH w a s  maintained dur- 
i n g  h e a t i n g  from 1220O t o  1800O F ,  and d u r i n g  t h e  f i r s t  
3 hours   (approximately)  a t  1800' F. For   the  remaining 
8 hours a t  1800O F ,  p u r i f i e d  and dried hydrogen was used,  
and  f lowed through the  re tor t  a t  a minimum of 7 SCFH. 
Furnace  coo l ing  to  room temperature  was performed under 
hydrogen. The argon-hydrogen  mixture was u s e d  i n i t i a l l y ,  
ra ther  than pure hydrogen,  because substant ia l  amounts 
of moisture w e r e  b e i n g  c a r r i e d  from t h e  r e t o r t .  
Upon removal  from t h e  r e t o r t ,  t h e  reduced  powders were 
i n  t h e  form  of s o f t  cakes approximately 1-3/4-inch 
diameter.  The six  cakes  of  each  composition were 
s tacked  on t o p  of each  o ther  i n  a rubber  bag for  iso-  
s t a t i c  p r e s s i n g .  
During t h e  in te rmedia te   eva lua t ion   phase   (phase  2 )  of 
t h e  program another charge of atomized powder N o .  9 ,  
Co+l.3w/oBe, was given a s h o r t e r  i n t e r n a l  o x i d a t i o n  
t rea tment  ( 1 / 2  hour   ins tead  of 2 h o u r s  a t  1830O F)  i n  
an  a t tempt  to  achieve  a s t i l l  f i n e r  d i s p e r s o i d  o f  B e 0  
i n  c o b a l t .  The equipment  and  procedure  used  for i n -  
t e r n a l  o x i d a t i o n  and subsequent hydrogen reduction 
were similar t o  t h a t  u s e d  b e f o r e  e x c e p t  t h a t  t h e  r e t o r t  
l i d  was T I G  welded t o  t h e  pan instead of us ing  a mechan- 
i c a l  s e a l .  A s  an   ex t r a   l a s t   s t ep   i n   hydrogen   r educ -  
t i on ,  t he  t empera tu re  was r a i s e d  t o  2000'  F and held 
f o r  3 hours with hydrogen flowing a t  7 SCFH. 
g. I S O S T A T I C  P R E S S I N G  O F  POWDERS 
The hydrogen reduced powders (dry and without binders) 
w e r e  loaded  in to  cy l indr ica l  7 -1 /4- inch  long  rubber  
bags  having a 1/8-inch w a l l  t h i ckness .  The rubber  bag 
diameter  used for  the preal loyed atomized powders  was 
2.15-inch I . D .  and for the composite powders 2.52-inch 
I . D . ,  a d j u s t i n g  f o r  t h e  lower a p p a r e n t  d e n s i t i e s  of t h e  
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l a t t e r  powders. A 1 /32- inch   d i ame te r   s t a in l e s s  
steel w i r e  w a s  p l a c e d  v e r t i c a l l y  a l o n g  t h e  i n s i d e  w a l l  
of  the bag and then s lowly withdrawn to al low a i r  t o  
escape as the  rubbe r  end  c losu re  (wi th  an  aluminum 
s e a l i n g  r i n g  f o r  s u p p o r t  o n  t h e  i n s i d e )  w a s  p re s sed  
down a g a i n s t  t h e  t o p  o f  t h e  powder charge.  A metal 
band clamp with worm screw w a s  p laced  around the  out -  
s ide  o f  t he  bag ,  and t i g h t e n e d  a g a i n s t  t h e  e n d  c l o s u r e  
on t h e  i n s i d e ,  t h u s  i n s u r i n g  t h a t  t h e  wa te r -g lyce r ine  
mix tu re  used  a s  the  work ing  f lu id  in  t h e  i s o s t a t i c  
p r e s s   c o u l d   n o t   l e a k   i n t o   t h e  powder. The press   used  
f o r  t h i s  work  had a 7-inch I . D .  by 24-inch long work- 
i n g  chamber and w a s  made by Nat ional  Forge Company. 
I s o s t a t i c  p r e s s i n g  w a s  conducted a t  50 ,000  p s i  and t h a t  
pressure   he ld   for   one   minute .  The s e l e c t i o n  o f  5 0 , 0 0 0  
p s i  was made because it p r o v i d e d  d e n s i t i e s  i n  t h e  g r e e n  
compacts which enabled them t o  be  hand led  sa t i s f ac to r -  
i l y ,  and it was a l s o  a p r e s s u r e  which was r e a d i l y  a v a i l -  
a b l e  i n  l a r g e  i s o s t a t i c  p r e s s e s  which would be required 
i f  t h e  p r o c e s s  w a s  s c a l e d  up a t  a l a t e r  d a t e .  However, 
1 0 0 , 0 0 0  p s i  p r e s s u r e  was used w i t h  two atomized powders 
i n  o r d e r  t o  see what t h e  e f f e c t  would be, as i n d i c a t e d  
in  Tab le  I V - 1 0 .  The h ighe r  p re s su re  inc reased  the  g reen  
compact d e n s i t y  by e i g h t   p e r c e n t .  Green compact d e n s i t i e s  
were c a l c u l a t e d  f i rs t  i n  terms of grams p e r  cubic c e n t i -  
meter from measurements on the weights and s i z e s  o f  t h e  
compacts,  which were approximately 2 i n c h e s  i n  d i a m e t e r  
by 3 inches  long.  Then t h e  d e n s i t y  w a s  c o n v e r t e d   t o  
percent  of  theore t ica l  dens i ty  for  purposes  of  compar i -  
s o n ,  t a b l e s  I V - 1 0  and I V - 1 1 .  
h. HYDROGEN S I N T E R I N G  O F  COMPACTS 
The same type  of  re tor t  and  o ther  equipment ,  the  pur i -  
f i e d  and dr ied hydrogen and argon gases ,  and general  
operat ing procedure used for  hydrogen reduct ion of pow- 
d e r s  were a l s o  employed f o r  t h e  s i n t e r i n g  o f  c o m p a c t s  
i n  hydrogen. However, t h e  alundum muf f l e s  were n o t  
used ,  bu t  t h e  compacts were p laced  on t h e  9 9 %  alumina 
t r a y s  i n s i d e  t h e   r e t o r t .   S i n t e r i n g   i n   h y d r o g e n  was 
c a r r i e d  o u t  a t  1 8 0 0 "  F f o r  two hours  on a l l  compacts of 
prealloyed atomized and in t e rna l ly  ox id i zed  powders .  
The compacts  of  composite  powder Nos. 1 t o  11 were a l s o  
s i n t e r e d  a t  1800' F f o r  two hours .  However, composite 
powder Nos. 1 3  t h r u  15  con ta in ing  Tho o b t a i n e d  f o r  t h e  
in t e rmed ia t e  and  f ina l  eva lua t ions  (p  2 ases 2 and 3 )  
were g i v e n  a n  a d d i t i o n a l  s i n t e r i n g  t r e a t m e n t  o f  two 
h o u r s  a t  2 0 0 0 "  F i n  o rde r  t o  r educe  oxygen  (no t  combined 
as Tho2) t o  t h e  l o w e s t  p o s s i b l e  l e v e l .  
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The 1800O F temperature  used  exclusively  during  the  ini- 
tial  evaluation  (phase 1) was high  enough to produce 
compacts  which  were  sufficiently  strong  and  could  be 
easily  machined  dry for  fitting  inside  low  carbon  steel 
cans  prior to extrusion.  This  temperature was  believed 
to  be  low  enough  to  avoid  agglomeration of the dis- 
persed  constituent  resulting  from  diffusion of the ele- 
ments  present in some of the  compositions  under study. 
Also, it was  below  the  extrusion  temperature,  2000O F, 
but  above the 1200O to 1600O F service  temperature  range 
for  these  products. A study of the  microstructures of 
the  sintered  compacts  was  conducted  to  determine  which 
compositions  were  the  most  stable  in  regard to agglom- 
eration  of  dispersed  constituent  particles.  At  this 
stage  the  cerium-containing  atomized  powder  composi- 
tions No. 7 and 16 were found  to  contain  constituent 
particles  too  coarse  for  dispersion-strengthening  pur- 
poses  and  were  dropped  from  further  study. 
The  sintered  compact  densities  obtained  are  listed  in 
tables  IV-10  and  IV-11. Little, if  any  densification 
occurred as  a  result  of  sintering  at 1800O F with the 
exception  of  composite  powder No. 11 from  Vitro  Labs. 
That  powder  had  the  smallest  particle  size  and  the 
lowest  green  compact  density  of  any  powder. 
i. MACHINING OF SINTERED  COMPACTS  AND  CANS 
The  compacts,  which  were  approximately  2  inches in 
diameter by 3 inches  long  after sintering,  were ma- 
chined  to  a  1.95-inch  diameter so that  they  would  fit 
inside  2-inch  I.D.  by  0.125-inch  thick wall mild-steel 
cans.  Care  was  taken  to  insure  that  the  compacts  re- 
mained  dry  and  clean  during  the  machining  operation. 
The  mild-steel can (SAE  1020)  had  a  1.5-inch  thick 
nose  plug on the  front  end  which  was  machined on the 
outside  to  a  90  degree  truncated  cone  with  a  0.75-inch 
diameter  flat  section on the  nose.  This  matched  the 
entrance  angle  on  the  die  and  the  die  opening of 0.75 
inch  diameter.  During  the  intermediate  and  final 
evaluation  efforts  (phases  2  and 3 )  of  the  program, 
this  dimension  was  increased  from  0.75  to  0.875  inch 
to provide  larger  diameter  rod  in  order  to  accomodate 
a  larger  number of cyclic  secondary  working  treatments. 
The  can was made  with  the  back-end  open to receive  the 
compact  and  the  2-inch  diameter  by  0.25-inch-thick  end 
plug of mild steel which  later was  electron-beam  welded 
flush  with  the  end of the  can.  The  inside  length of 
the  can  matched  the  length of each  compact  plus the 0.25- 
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i nch   t h i ckness  of the  end  plug.  A l l  o u t s i d e  s u r f a c e s  
of the  can  w e r e  sand  b las ted  to  promote  adherence  of  
t h e   g l a s s   l u b r i c a n t .  The to ta l   weight   o f   compact ,   can ,  
and  end  plug w a s  about  four  pounds.  The compacts them- 
selves weighed approximately two pounds each. 
j .  HERMETICALLY S E A L I N G  COMPACTS I N  CANS 
The cans were e v a c u a t e d  t o  less than 1 ~ 1 0 ' ~  t o r r  and 
t e s t ed  fo r  he l ium l eak  t i gh tness  be fo re  the  compac t  
was i n s e r t e d  and t h e  end sealed.  
Each can with the compact inside and end plug was baked 
o u t   f o r  two h o u r s   a t  1220O F i n  t h e  t o r r   a n g e .  
This  temperature  w a s  r a i s e d  t o  1500' F f o r  t h e  i n t e r -  
mediate and f i n a l   e v a l u a t i o n   p h a s e s .   A f t e r   c o o l i n g   t o  
room tempera ture  and  back-f i l l ing  wi th  99 .996  p e r c e n t  
puri ty   argon,   the  cans,   compacts ,   and  end  plugs were 
removed  from t h e  fu rnace  and  ca r r i ed  in  a covered con- 
t a i n e r  t o  a Sciaky electron-beam welder ( 3 0  kW, Type 
VX-50x30~42 with 16-inch diffusion pump),  where they 
were immediately  evacuated  to t h e  t o r r   a n g e .  
Each end plug had e i g h t  l o n g i t u d i n a l  s l o t s  0 . 0 6 3  i n c h e s  
wide by 0.032 inches deep equally spaced around t h e  
p e r i p h e r y   t o   f a c i l i t a t e   e v a c u a t i o n   o f   t h e   c a n .  The 
welding condi t ions were f i x e d  from t r i a l  runs  so  as t o  
g ive  30 t o  50 pe rcen t  pene t r a t ion  th rough  the  0.25- 
inch  thick  end  plug.  The method  had  been  found by pre-  
v i o u s  e x p e r i e n c e  t o  g i v e  l e a k  t i g h t  j o i n t s .  
k .  HYDRZlULIC EXTRUSION O F  BILLET TO ROD 
Before  prehea t ing  the  canned  compacts  for  ex t rus ion ,  
the  outs ide  of  the  can ,  except  for  the  back-end ,  was 
coated w i t h  a 0 .125-inch thickness  of  glass  s lurry con-  
s i s t i n g  of a w a t e r  s o l u b l e ,  b o r a t e - t y p e  g l a s s  (Code 
N o .  9773,  Corning  Glass Works, Corning, New York) wi th  
co l lod ion  and amyl a c e t a t e  b i n d e r ,  and a i r  d r i e d .  
The e x t r u s i o n  t o o l s  were made of AIS1 H - 1 2  hot-work 
t o o l  s t ee l  ha rdened  to  Rockwell C 4 5  t o  50 and  con- 
s i s t e d  o f  an  ex t rus ion  con ta ine r  1 2  i nches  long  wi th  
a 2.360-inch diameter bore,  a d i e  w i t h  a 0.750-inch 
d iameter  ho le  and a con ica l  en t r ance  o f  90 degrees  
inc luded  angle ,  and a ram w i t h  a 2.350-inch diameter 
dummy block  a t tached.  The t o o l s  w e r e  mounted  on t h e  
horizontal  bed of  a down ac t ing ,  200- ton  hydraul ic  
p r e s s .  The e x t r u s i o n   d i r e c t i o n  was  downward. 
P r e p a r a t i o n s  f o r  e x t r u s i o n  involved brushing t h e  d i e ,  
bore of t he  con ta ine r ,  and  dummy block  whi le  co ld  w i t h  
168 
e i the r  S icon  Lubr i can t  ( co l lo ida l  suspens ion  of s i l i-  
cone  r e s in  and  g raph i t e  i n  water, L o t  11x915, Midland 
I n d u s t r i a l  F i n i s h e s  Co., Inc . ,  Waukegan, I l l i n o i s )  o r  
Dag Dispers ion  N o .  99 ( co l lo ida l  suspens ion  of g r a p h i t e  
i n  o r g a n i c  s o l v e n t ,  Acheson Co l lo ids  C o . ,  P o r t  Huron, 
Michigan) .   In   addi t ion ,  t w o  g l a s s   d i s k s   o f   t h e  borate- 
type  g lass  weighing  30 grams each and measuring 2.25 
inches  in  d i ame te r  by 0.5-inch thick were p l a c e d  i n s i d e  
t h e  b o r e  of the  ex t rus ion  con ta ine r  on  top  of t h e  die. 
Next 50 grams of  loose borate  glass  powder were poured 
i n t o  t h e  b o r e  of t h e  c o n t a i n e r  o n  t o p  o f  t h e  d i s k s .  
Before t h e  g l a s s  w a s  added t o  t h e  b o r e ,  a 0.75-inch 
diameter  by 0.5-inch thick plug of mild s tee l  wi th  a 
s l i g h t l y  o v e r s i z e  d i a m e t e r  on the  top  end  w a s  p laced  
i n  t h e  h o l e  o f  t h e  e x t r u s i o n  d i e  t o  i n s u r e  g l a s s  w a s  
r e t a i n e d   u n t i l   e x t r u s i o n   s t a r t e d .   T h i s   l u b r i c a t i o n  
p r a c t i c e  f o r  e x t r u s i o n  w a s  g e n e r a l l y  i n  l i n e  w i t h  t h e  
r e c e n t  l i t e r a t u r e  on  the subject ( r e f s .  IV-31 t o  IV-35). 
The borate- type  glass   (Corning Code N o .  9773) w a s  se- 
l ec t ed  fo r  u se  because  it has a v iscos i ty  of  be tween 
1 0 0  and 300 Poises  a t  2 0 0 0 O  F ( t h e  b i l l e t  e x t r u s i o n  tern- 
p e r a t u r e ) ,  and could easi ly  be removed from the extru-  
s i o n ,  d i e  a n d  o t h e r  t o o l s  s i n c e  it was s o l u b l e  i n  water. 
The e x t r u s i o n  c o n t a i n e r  and d i e  were prehea ted  t o  ap- 
proximately 9 0 0 "  F f o r   e x t r u s i o n .  The canned  compact 
p rev ious ly  coa ted  wi th  g l a s s  was p l a c e d  i n  a Type 304 
s t a i n l e s s  s tee l  r e t o r t  3 .75 inches I . D .  by  7.5  inches 
ins ide  length  wi th  the  uncoated  back  end  of  the  b i l le t  
r e s t i n g  on the  bo t tom o f  the  r e to r t .  A matching  cover 
p l a t e  w a s  p laced   over   the   top   o f  t h e  r e t o r t .  Argon  of 
9 9 . 9 9 6  percent  pur i ty  f lowed through the  re tor t  a t  f i v e  
SCFH by  means of an i n l e t  tube a t  t h e  bottom and an 
o u t l e t  t u b e  a t  t h e  t o p  d u r i n g  p r e h e a t .  A thermocouple 
p l aced  in s ide  the  r e to r t  a longs ide  the  canned  b i l l e t  
gave temperature readings which corresponded very 
c lose ly   w i th   t he   i nd ica t ed   fu rnace   t empera tu re .  The 
b i l l e t  t e m p e r a t u r e  w a s  r a i s e d  from room t e m p e r a t u r e  t o  
2 0 0 0 O  F a n d  h e l d  a t  2000'  F for  one hour .  
The b i l l e t  was removed  from the  furnace  and  re tor t ,  and 
immediately extruded to 0.75-inch diameter rod  wi th  an  
extrusion speed of  4 3  feet  per  minute  (8 .6  inches per  
second) .  The mater ia l   f rom  the   s in te red   compact  was 
present  in  the  0 .75- inch  d iameter  ex t rus ion  as a cen- 
t r a l  c o r e ,  whose diameter varied from 0.38 t o  0.63 
inches,   surrounded by mi ld-s tee l   c ladding .  The minimum 
e x t r u s i o n  r a t i o  f o r  t h e  a l l o y  c o r e  w a s  11 t o  1. Later 
in  the program, 0.875-inch diameter  extrusions were 
made for subsequent secondary working purposes with an 
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8 t o  1 e x t r u s i o n  r a t i o  for t h e  a l l o y  core. The e x t r u -  
s ion  s t a r t i ng  p res su res  fo r  t he  compac t s  va r i ed  f rom 
53,000 p s i  t o  9 1 , 0 0 0  p s i .  The maximum l e n g t h  o f  0.75- 
inch   d iameter   rod   ob ta ined  w a s  33 inches .  A f t e r  sc rap-  
p ing  a 9- inch length from the front  and a 4- inch length 
f rom the  back  (because  of  rear -end  ex t rus ion  defec t )  
t h e  maximum length  of  core  material a v a i l a b l e  f o r  sub- 
sequen t  t e s t ing  pu rposes  was 2 0  inches .  
1. DYNAPAK EXTRUSION O F  BILLET TO ROD 
Sintered compacts of t h e  a tomized  powders  l i s ted  in  t h e  
fol lowing table  ( -325 mesh)  were e x t r u d e d  t o  r o d  i n  a 
Dynapak 1220C Machine a t  t he  Wes t inghouse  As t ronuc lea r  
Laboratory.  
S i n t e r e d  
Compact 
Atomized Nominal Densi ty  B i l l e t  S i z e  
Powder Composition (pe rcen t  o f  Diameter Length 
Number (weight  percent )  t h e o r e t i c a l )  ( i nches )  ( inches )  
4 Co+l.OB+4.2Zr 60 1 . 6  3-15/16 
13  Fe+25.6Co+l.OB+4.2Zr 66 1 . 6  3-11/16 
1 4  Fe+25.6Co+l.OB+4.2Cb 68 1 . 6  3-5/6 
The purpose  of  th i s  work w a s  t o  i n v e s t i g a t e  t h e  e f f e c t  
of  lower processing temperatures ,  1 6 0 0 '  F maximum, on 
t h e   m a g n e t i c   a n d   t e n s i l e   p r o p e r t i e s .  The Dynapak e x t r u -  
s i o n s  (1600 '  F b i l l e t )  were made below the  t ransforma-  
t i on  t empera tu re  of the  i ron -coba l t  ma t r ix  ( approx i -  
mately 1770O F from face centered cub ic  t o  body cen te red  
cubic  on coo l ing )  whereas  the  hydrau l i c  ex t rus ions  
(2000'  F b i l l e t )  o f  t h e  i r o n - c o b a l t  c o m p o s i t i o n s  were 
made above t h e  transformation temperature and under- 
w e n t  a phase  change  on  cooling. The e x t r u s i o n  r a t i o s  
were 11 t o  1 fo r  conven t iona l  ex t rus ion  and  6 t o  1 f o r  
t h e  Dynapak. 
The powders f o r  t h e  b i l l e t  e x t r u d e d  i n  t h e  Dynapak 
Machine were processed  in to  compacts  in  the  same man- 
n e r  as desc r ibed  ea r l i e r ,  excep t  t ha t  t he  compac t  s in -  
t e r i n g  t e m p e r a t u r e  w a s  1600O F ( f o r  two h o u r s )  i n s t e a d  
of  1800' F. The compacts were canned i n  m i l d  s teel  and 
h e r m e t i c a l l y  s e a l e d  by e l e c t r o n  beam w e l d i n g  p r i o r  t o  
e x t r u s i o n .  The b i l l e t  w a s  p r e h e a t e d  t o  1600O F i n  an 
induct ion  co i l  under  a rgon  and  he ld  a t  t empera ture  ap- 
proximately  15  minutes.   (The b i l l e t  p r e h e a t   f o r  hy- 
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d r a u l i c  e x t r u s i o n  w a s  one  hour a t  2000O F.) Rod wi th  
an overal l  diameter  of  0 .763-inch and an al loy core 
diameter of 0.656-inch w a s  produced. 
m. SECONDARY WORKING OF HOT-EXTRUDED ROD 
Secondary working and thermo-mechanical treatments have 
been  repor ted  to  have  a s u b s t a n t i a l  e f f e c t  o n  t h e  
s t r eng th  o f  d i spe r s ion - s t r eng thened  coppe r  ( ref .  IV-361, 
n i c k e l   ( r e f s .  IV-37 t o  IV-43) ,   coba l t   ( r e f .  I V - 4 4 ) ,  and 
i r o n  (ref. IV-45) hav ing  ox ide  con ten t s  i n  the  r ange  
from 0 .4  t o  3 p e r c e n t  by volume. The mechanical  pro- 
p e r t i e s  of TD Nickel  are r epor t ed  to  depend  on  the  co ld  
work - s t r e s s   r e l i e f   cyc le   ( r e f .   IV-37) .  The bes t   h igh -  
t e m p e r a t u r e  s t r e n g t h  o f  n i c k e l - t h o r i a  s t r i p  was ob- 
t a i n e d  by working with a maximum number ( 2 1 )  o f  co ld  
reduct ion-annea l ing  cyc les  wi th  a minimum r e d u c t i o n  i n  
th i ckness  (less than  1 0  percent )   in   each   working   cyc le  
( r e f .  I V - 3 9 )  . 
The l i t e r a t u r e  on the effect  of  secondary working and 
thermo-mechanical treatments of d i spe r s ion - s t r eng thened  
me ta l s  r evea led  tha t  these methods  of  improving ele- 
vated temperature strength have been applied success- 
f u l l y  t o  w i r e ,  smal l  d iameter  bar ,  sheet,  and tub ing  
where the product  s i z e  i s  s m a l l  o r  a t  l e a s t  t h e  t h i c k -  
ness  of t h e  m a t e r i a l  is s m a l l  i n  o n e  d i r e c t i o n  ( s h e e t  
and  tubing) .   Small   cross-sect ions  permit   d ispers ion-  
s t rengthened  products  to  be  worked thoroughly and mi- 
formly. However, t h e  e v e n t u a l   a p p l i c a t i o n   f o r  t h e  
mater ia l  being developed on t h i s  program w i l l  be a 
so l id ,  h igh - speed  ro to r  whose s i z e  may be 8 t o  2 8  inches  
i n  d i a m e t e r  by 8 t o  28 inches  long.  One method  of  fab- 
r i c a t i o n  would  be t o  make the  ro to r  a s  one  p i ece .  An- 
o t h e r  method  would  be t o  f a b r i c a t e  it from laminated and 
bonded s e c t i o n s  w i t h  a minimum of  re luc tance  added  to  
t h e  magnet ic   c i rcui t .   Therefore ,   secondary  working 
t r ea tmen t s  wh ich  a re  se l ec t ed  and a p p l i e d  t o  small d i -  
ameter e x t r u s i o n s  i n  t h i s  program were designed with 
cons idera t ion  for  methods  which  could  be  appl ied  la te r  
on t o  t h e  f a b r i c a t i o n  of much l a r g e r  p r o d u c t s .  
Secondary working treatments were a p p l i e d  t o  s e l e c t e d  
compositions i n  t h e  form of 7/8-inch diameter hot-ex- 
t ruded  rod  s tock  made i n  a convent iona l  hydraul ic  press .  
The e x t r u s i o n  r a t i o  f o r  t h e  a l l o y  c o r e  m a t e r i a l  was 
8 t o  1. Each cycle  of  secondary  working  consisted  of 
approximately a 1 0  p e r c e n t  r e d u c t i o n  i n  a r e a  p e r  p a s s  
i n  a swaging machine followed by a 1 0  minute stress- 
relief annea l  af ter  each pass a t  t h e  secondary working 
temperature .  The intermediate   anneals   between  passes  
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2 .  
and t h e  f i n a l  a n n e a l  were per formed in  f lowing  argon 
a t m o s p h e r e s  i n  e l e c t r i c a l l y  r e s i s t a n c e  h e a t e d  b o x  fu r -  
naces. Various  temperatures   of   secondary  working  in  
t h e  1500' t o  800' F range w e r e  employed du r ing  the  cour se  
of  the  program. The 1500' F temperature  was u s e d  f i r s t  
because it was a n t i c i p a t e d  t h a t  a l l  composi t ions could 
be swaged s u c c e s s f u l l y  a t  t ha t  t empera tu re  wi thou t  b reak -  
ing up,  and this  would permit  comparison of  propert ies  
of compositions having a common f a b r i c a t i o n  h i s t o r y .  
Later in the program, lower secondary working tempera- 
t u r e s  were app l i ed  which were r e l a t e d  t o  t h e  s p e c i f i c  
working  character is t ics   of   each  composi t ion.   In   the 
f i n a l  e v a l u a t i o n  e f f o r t  ( p h a s e  3 )  a c a l i b r a t i o n  s t u d y  
o f  t h e  effect of secondary working a t  1000°  and/or 
1250O F w a s  conducted on four iron+27 w/o cobal t -base  
and four   cobal t -base  composi t ions  given 0 ,  4 ,  8 ,  1 6  and 
2 8  t o  3 6  c y c l e s  ( o r  t h e  maximum number of  cyc les  achieved  
before   the  rod  broke  up) .  I n  a d d i t i o n ,  a l eng th   o f  
t h e  Dynapak extruded 0,763-inch diameter  rod of  pre-  
a l loyed atomized powder composition No. 13,  Fe+25.6w/o 
Co+l.Ow/oB+4.2w/oZr, was swaged a t  room temperature .  
Swaging  of  rod i n  t h e  s i z e  range of 7/8-inch t o  3/8- 
inch diameter  was performed i n  a four -d ie  Fenn #4-F 
machine a t  the Westinghouse Astronuclear Laboratory.  
Two-die swaging  machines, a Fenn #4-SA f o r  3/8 t o  1 / 4 -  
inch diameter rod and a Torr ington  #3  for  rod  s i z e s  
under 1/4-inch were employed a t  B a t t e l l e  Memorial In- 
s t i t u t e .  The d i e  s izes  used   and   the   reduct ion   per  
p a s s  a r e  i n d i c a t e d  i n  table  I V - 1 2 .  
The mild s teel  cladding approximately 1/16-inch-thick 
r e s u l t i n g  from t h e  e x t r u s i o n  o p e r a t i o n  was l e f t  on t h e  
co re  ma te r i a l  fo r  t he  secondary  work ing  p rocess .  
Testing Procedures for Extruded and Secondary Worked 
Rod -
a .  INSPECTION FOR DEFECTS AND MACROSTRUCTURE 
Transve r se  sec t ions  f rom the  f ron t  and  back of each 
rod were cut  with an abrasive cut-off  wheel  using cool-  
an t  for  macroscopic  examinat ion  in  order  t o  l o c a t e  
sound core material be fo re  t e s t  specimens were t a k e n .  
Macroetching was performed with the fol lowing solu-  
t i o n s :  5 p e r c e n t  n i t a l ,  50 p e r c e n t  n i t r i c  a c i d  i n  w a t e r ,  
and 50 pe rcen t  hydroch lo r i c  ac id  i n  water .  
No g r o s s  d e f e c t s  were found i n  t h e  c o r e  m a t e r i a l  n e a r  
t h e  f r o n t  o f  t h e  e x t r u s i o n s .  A s  a f u r t h e r  p r e c a u t i o n ,  
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TABLE IV-12. Swaging  Die  Sizes  Employed  During 
Secondary  Working 
Secondary 
Working 
Cycle 
(No. 1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
. _ _ _ _ ~  "_ -~ _" 
Swaging 
Die 
Diameter 
(inches) 
0.875 
0.830 
0.795 
0.750 
0.720 
0.680 
0.645 
0.610 
0.580 
0.550 
0.520 
0. 500 
0. 470 
0. 445 
0. 420 
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0. 362 
0. 341 
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0 
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10.9 
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10.1 
10. 8 
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10.4 
10.9 
9.4 
12.1 
6. 8 
11.2 
12.0 
10.9 
14. 7 
9.1 
11.7 
4. 7 
11.9 
11.0 
10. 8 
11.4 
10. 2 
11.7 
10. 3 
10. 8 
11.5 
10. 8 
11. 5 
10.6 
.. " . 
Cumulative 
Reduction 
in Area 
in Die Series 
(percent) 
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transverse  and  longitudinal  sections  from the  front 
and  back  were  examined  under  the  microscope  in  the  as- 
polished  condition  and  after  etching. 
b. MICROSTRUCTURE OF SOUND MATERIAL 
The  microstructure  was  revealed  by  etching  in  the 
acetic-nitric-hydrochloric-water solution or Carapella's 
reagent.  Longitudinal  and  transverse  sections were 
examined  with  a  metallograph  at  magnifications  up  to 
1500X.  The  size of  secondary-phase  particles  (average 
particle-intercept  length)  dispersed  in  the  cobalt  and 
iron+27w/o  cobalt  matrix,  their  interparticle  spac- 
ing  (average  matrix-intercept  length),  and  the  percent 
by  volume of dispersed  phase  were  determined in  repre- 
sentative  areas  using  a  filar  micrometer  eyepiece. 
Also,  measurements  were  made on photomicrographs  using 
a  Norelco  Type  52022  film  illuminator  and  measurinq 
device  (with  millimeter  scale  and  vernier).  Lineal 
analysis  and  point  counting  techniques were  applied 
(refs.  IV-46,  IV-47  and  IV-48).  Electron  micrographs 
were  obtained on seven  compositions  to  better  reveal 
the  dispersoid  for  measurement.  Identification or con- 
firmation  of  the  dispersed  phase  in  the  matrix  was  per- 
formed  by  x-ray  diffraction on both  powder  and  rod 
material. 
The  uniformity  of  the  dispersion,  the  amount of poros- 
ity, and  possible  indications of lack of bonding  be- 
tween  the  dispersoid  and  the  mat.rix were noted.  X-ray 
diffraction  back  reflection  Laue  patterns  were  obtained 
from  various  regions  on  the  metallographic  specimens 
of rod  to  indicate  the  degree of  recrystallization  and 
grain  size  (refs.  IV-49  and  IV-50). 
C. LOCATION AND PREPARATION OF TEST  SPECIMENS 
After  the  macroscopic  and  microscopic  examinations f 
sections  from  the  front  and  back of the  rod had  con- 
firmed  the  intermediate  core  material  was  sound, sam- 
ples  were  taken  for  testing  starting  near  the  front of 
the  extrusion.  The  d-c  magnetic  test  specimens  were 
taken  first.  The  magnetic  saturation  specimen  was 
machined  to  0.1-inch  diameter  by  0.1-inch long, and  the 
coercive  force  specimens  to  0.25-inch  diameter  by  1.0- 
inch  long.  In  the  case of rod  secondary  worked  for 
28  to  32  cycles,  the  coercive  force  specimen  diameter 
was  0.12 to 0.15-inch. 
The  dimensions  of  the  tensile  and  creep  specimens  are 
shown  in  figures  IV-7,  IV-8,  and IV-9. These  speci- 
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FIGURE IV-7. Vacuum  Tensile  Specimen fo r  Hot-Extruded  Rod, 
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ary  Worked  16  Cycles  or  Less 
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FIGURE IV-9.  Vacuum T e n s i l e   a n d   C r e e p   S p e c i m e n   f o r  Rod 
Secondary  Worked 2 8  C y c l e s  
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mens were rough machined i n  a l a t h e  a n d  l e f t  w i t h  an 
0.020 inch  minimum o v e r s i z e  diameter on the reduced 
section.  Specimens  aged 100  hours  a t  e levated  temper-  
a t u r e s  i n  a vacuum of 1x10-5 t o r r  b e f o r e  t e s t i n g  were 
g iven  the i r  ag ing  t r ea tmen t s  be fo re  mach in ing  o r  g r ind -  
i n g  t h e  d i a m e t e r  o f  t h e  r e d u c e d  s e c t i o n  t o  f i n a l  s i z e .  
Coolant w a s  u s e d  i n  a l l  machining and grinding opera- 
t i o n s .  
d. MAGNETIC TESTING 
In  gene ra l ,  magne t i c  p rope r t i e s  o f  ma te r i a l s  may be  
d i v i d e d   i n t o  two classes: s t r u c t u r e   i n s e n s i t i v e  and 
s t r u c t u r e   s e n s i t i v e .  The p r i m a r y   o r  s t r u c t u r e  i n s e n s i -  
t i v e  p r o p e r t i e s  i n c l u d e  s a t u r a t i o n  m a g n e t i z a t i o n ,  C u r i e  
t empera tu re ,  c rys t a l l i ne  an i so t ropy  and  magne tos t r i c -  
t ion.   These are dependent on a tomic   s t ruc tu re   and  chem- 
i c a l   c o m p o s i t i o n   o f   t h e   m a t e r i a l .  The proper t ies   which  
are cons idered  to  be  secondary  and  inf luenced  by  the  
m i c r o s t r u c t u r e  a n d  i n t e r n a l  c o n d i t i o n  o f  t h e  m a t e r i a l  
are coe rc ive  fo rce ,  pe rmeab i l i t y ,  r e s idua l  magne t i za -  
t i o n ,  and h y s t e r e s i s  l o s s .  
A " so f t "  magne t i c  ma te r i a l  can  be  magne t i zed  to  sa tu r -  
a t i o n  and then demagnetized by t h e  a p p l i c a t i o n  o f  r a t h e r  
weak m a g n e t i c   f i e l d s .  The i d e a l  s o f t  m a g n e t i c  material 
f o r  a power a p p l i c a t i o n  would have high permeabili ty,  
h i g h  s a t u r a t i o n  and r e s i d u a l  m a g n e t i z a t i o n s ,  low coer -  
c i v e  f o r c e ,  h i g h  e l e c t r i c a l  r e s i s t i v i t y ,  low l o s s e s ,  
h i g h  d e g r e e  o f  p r e f e r r e d  g r a i n  o r i e n t a t i o n ,  a n d  low 
c r y s t a l  a n i s o t r o p y  a n d  m a g n e t o s t r i c t i v e  c o n s t a n t s .  
S ince  the  coe rc ive  fo rce  i s  t h e  s t r e n g t h  of r e v e r s e  
f i e l d  which has to  be  app l i ed  to  demagne t i ze  a pre- 
viously magnetized sample,  it is a n  e x c e l l e n t  i n d i c a -  
t o r  of t h e  " s o f t n e s s "  of a magnetic material. 
The sa tu ra t ion  magne t i za t ion  o f  d i spe r s ion - s t r eng thened  
a l loys  might  be e x p e c t e d  t o  d e c r e a s e  i n  p r o p o r t i o n  t o  
t h e  amount of non-magnet ic ,  insoluble  dispersed phase 
added. 
The coe rc ive  fo rce ,  Hc,  w a s  measu red  d i r ec t ly  on  th i s  
program using a Prec is izn  Coerc ive  Force  Meter, Manu- 
f a c t u r e d  by I n s t i t u t e  F o r s t e r  R e u t l i n g e n ,  West Germany 
(ref. IV-51). The specimen was magnet ized   in  a f i e l d  
of  1300 o e r s t e d s   i n  a l a r g e   f i e l d   c o i l .   A f t e r   s w i t c h -  
i n g  o f f  t h e  f i e l d ,  t h e  remanent f i e ld  o f  t he  spec imen  
was picked up by a s e n s i t i v e  f i e l d  p r o b e  a n d  a r e v e r s e  
f i e l d  g r a d u a l l y  a p p l i e d  until the  f ie ld  probe  measured  
no  remanent f i e l d  coming  from the  specimen.  For tests 
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a t  1200O t o  1600O F, a tube fu rnace  wi th  electrical re- 
s i s t a n c e  h e a t i n g  coi l  of plat inum - 1 0  percent  rhodium 
w i r e ,  b i f i l a r  wound, w a s  placed ins ide  the f i e ld  co i l  
of t h e  coercive force meter. A f l o w  of 99.996 percent 
pu r i ty  a rgon  w a s  maintained through the tube  t o  pro- 
t ec t  the  spec imen aga ins t  ox ida t ion .  The  specimen w a s  
h e l d  a t  temperature  fo r  f ive minutes before i t s  coer- 
cive force w a s  measured .   Al te rna t ing   cur ren t  w a s  sup- 
p l i e d  t o  the   fu rnace   du r ing  measurements. The  accuracy 
of t h e  coercive force va lues  a t  a l l  tempera tures  w a s  
p l u s  o r  minus t w o  p e r c e n t  o r  b e t t e r ,  w h i l e  t h e  t e m p e r -  
a t u r e  w a s  he ld  wi th in  p lus  or  minus  l o o  F of t h a t  i n -  
tended,  as i n d i c a t e d  by a thermocouple.  Measurements 
w e r e  made on s tandard specimens a t  t h e  s tar t  and end of 
each series of tests f o r  v e r i f i c a t i o n  of test  procedure.  
The s p e c i f i c  s a t u r a t i o n  w a s  measured on a 0.1-inch di-  
ameter by 0.1-inch long specimen weighing approximately 
0 . 1  gram. The l eng th  w a s  s h o r t  i n  o r d e r  t o  avo id  too  
high  demagnet iz ing  forces .  The s a t u r a t i o n  w a s  measured 
by means of  a magne t i c  ba l ance  in  a f i e l d  g r a d i e n t  o f  
975 o e r s t e d s  p e r  c e n t i m e t e r  w i t h  a mean a p p l i e d  magne- 
t i z i n g   f i e l d  of 1 1 , 5 0 0  oersteds ( r e f .  IV-52).  Actually, 
even  th i s  h igh  a f i e l d  i s  n o t  enough t o  r each  sa tu ra -  
t i o n  i n  c o b a l t  a l l o y s  a t  room temperature .  I t  has   been 
r e p o r t e d  t h a t  1 7 , 0 0 0  o e r s t e d s  are r equ i r ed  fo r  pure  
cobal t   ( re f .   IV-53) .  The  magnet w a s  suppl ied   by   Var ian  
Assoc ia tes ,  Model V-4007. The specimen w a s  sealed i n  
a qua r t z  t ube  which w a s  evacuated  and  back-f i l l ed  wi th  
9 9 . 9 9 6  p e r c e n t  p u r i t y  a r g o n  t o  a p re s su re  o f  1 0 0  mm 
of  mercury. The q u a r t z  tube was a t t a c h e d  t o  a t r ans -  
ducer  gauge  supplied by Statham  Transducer  Inc. The 
fo rce  ac t ing  on  the specimen due t o  t h e  a p p l i e d  mag- 
n e t i c  f i e l d  was determined.  For  measurements  above 
room temperature ,  a small  f u r n a c e  s l i g h t l y  u n d e r  1- 
inch  ou t s ide  diameter by 0.25-inch inside diameter  by 
3 i n c h e s  l o n g ,  b i f i l a r  wound w i t h  plat inum - 1 0  per- 
cent  rhodium w i r e  w a s  used .   Dur ing   sa tura t ion  meas- 
u remen t ,  a l t e rna t ing  cu r ren t  w a s  s u p p l i e d  t o  t h e  f u r -  
nace. The temperature  w a s  checked  by  placing a separ -  
a t e  thermocouple  ins ide  the  furnace  a t  t h e  p o s i t i o n  of 
the  specimen t o  be  measured. The temperature  w a s  con- 
t r o l l e d  t o  be t te r  t h a n  p l u s  o r  minus l o o  F. The accur- 
acy of t h e  s a t u r a t i o n  v a l u e s  w a s  p l u s  o r  minus one per- 
cen t .  The hold ing  t i m e  a t  elevated temperature  before 
t e s t i n g  w a s  f i ve   minu te s .  A s t a n d a r d  i r o n  o r  c o b a l t  
specimen was measured a t  t h e  s t a r t  and end of each ser- 
ies o f  expe r imen ta l  compos i t ions  fo r  ca l ib ra t ion  pu r -  
poses.  The sa tu ra t ion   magne t i za t ion ,  Bs, i n   g u a s s  w a s  
c a l c u l a t e d  f r o m  t h e  s p e c i f i c  s a t u r a t i o n ,  ( s a t u r a t i o n  
magnetic  moment), us, from the  equa t ion :  
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Bs = 47r6as 
where: 
6 = d e n s i t y   i n  g/cm3 
us = sa tu ra t ion   magne t i c  moment, emu/g 
e. TENSILE  TESTING 
The tens i le  spec imens  were t e s t e d  i n  a n  I n s t r o n  U n i v e r -  
sa l  Test ing  Instrument ,  Model TTC. For t h e   e l e v a t e d  
temperature  tests, a Satec Power Pos i t ion ing  Furnace ,  
Model RA-1800 wi th  a Kanthal-A1 heating element was 
used to  hea t  the  spec imen under  vacuum t o  t e m p e r a t u r e .  
The specimens were t e s t e d  i n  a vacuum of  0 . 9  t o  2 . 6 ~ 1 0 - 5  
t o r r  u s i n g  a l i q u i d  n i t r o g e n  t r a p  a f t e r  s t a b i l i z i n g  a t  
t h e  t es t  tempera ture   for   ha l f   an   hour .  A s t r a i n  r a t e  
of 0 .005  inch per  inch per  minute  w a s  used up t o  t h e  
y i e l d  stress ( 0 . 2  percent   o f fse t )   and   0 .05   inch   per  
i nch   pe r   minu te   beyond   t ha t   t o   f r ac tu re .  P r io r  t o  t e n -  
s i l e  t e s t ing ,  e l eva ted  t empera tu re  t e s t  specimens were 
rough  machined  and  aged 1 0 0  hours  a t  t h e  t e s t  tempera- 
t u r e  t o  s t a b i l i z e  t h e  d i s p e r s o i d  a n d  m a t r i x  s t r u c t u r e  
i n  a vacuum of  1x10-5 torr o r  b e t t e r  ( m a i n l y  1x10-6 
t o r r ) .  I t  w a s  dec ided   to   age  a t  t h e  t es t  tempera ture ,  
r a t h e r  t h a n  a t  some h ighe r  t empera tu re ,  be fo re  t e s t ing  
b e c a u s e  t h e  t h e r m a l  s t a b i l i t y  o f  some composi t ional  
systems were l a r g e l y  unknown. The iron+27w/o cobalt- 
base  systems  had a phase t ransformation a t  1770" F, and 
migh t  be  expec ted  to  be  p rone  towards  r ec rys t a l l i za t ion  
and grain growth a t  tempera tures  approaching  th i s .  
Therefore ,  it w a s  n e c e s s a r y  t o  restrict  t h e  a g i n g  t e m -  
perature  to  something below 1770" F i n  t h e  e a r l y  p a r t  
o f  t h e  i n v e s t i g a t i o n  i n  o r d e r  t o  have a val id  compari-  
son between cobalt-base and iron+27w/o cobalt-base 
compositions.  
f .  VACUUM CREEP  TESTING 
Vacuum c r e e p  t e s t i n g  w a s  performed a t  the Westinghouse 
Research and Development Center i n  a spr ing-loaded m a -  
chine  developed by M. J. Manjoine. The specimen  and 
ho lde r s  were enc losed  in  an  Inconel  capsule  wi th  bel- 
lows a t  one end and heated by an external e lec t r ica l  
resistance  furnace.   Thermocouples were l o c a t e d  a t  t h e  
rad ius  of  the  shoulders  and  in  the  center  of  the  gage  
length   o f   the   spec imen.   Tempera ture   d i s t r ibu t ion   over  
t he  l eng th  of the specimen was main ta ined  wi th in  So F. 
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The t empera tu re  f luc tua t ion  du r ing  the  cour se  of test- 
i n g  w a s  5 3 "  F. A vacuum of less than  1x10'6 t o r r  (lom7 
t o r r  range)  w a s  he ld  du r ing  hea t ing  t o  temperature and 
t e s t i n g  u s i n g  a d i f f u s i o n  pumped system with a l i q u i d  
n i t r o g e n  t r a p .  The capsule  w a s  pumped o u t  o v e r n i g h t  
t o  less t h a n  1 ~ 1 0 ' ~  t o r r  and the specimen w a s  brought 
up t o  t empera tu re  and  s t ab i l i zed  over approximately a 
fou r  hour  pe r iod  be fo re  the  load  w a s  appl ied .  The c r e e p  
s t r a i n  w a s  computed over the  gage  l eng th  of the specimen 
from measurements made a t  room temperature between punch 
marks  on the  shou lde r s  u s ing  a too lmaker s  t r ave l ing  
microscope. 
D. RESULTS AND EVALUATION 
Chemical analyses were determined on a t o t a l  o f  1 0  ex t ru -  
s i o n s  made from  powder during the course of  the program. 
There w a s  g e n e r a l l y  good agreement between the chemical 
ana lyses  of t h e  e x t r u s i o n s  (as determined by  Westinghouse), 
t h e  chemical analyses  of  t h e  powders (as r epor t ed  by t h e  
powder s u p p l i e r s ) ,  and  the  intended  composi t ions (as  de f ined  
by the  Westinghouse  compositional  target l i m i t s ) .  The re- 
s u l t s  are p r e s e n t e d  i n  tab le  IV-13. 
I n  r e g a r d  t o  t h e  prealloyed atomized powder t a r g e t  s p e c i f i -  
c a t i o n s ,  it w a s  s t a t e d  e a r l i e r  t h a t  t h e  c h e m i c a l  a n a l y s e s  
repor ted  by t h e  two s u p p l i e r s ,  Hoeganaes  Sponge Iron  Corpor- 
a t i o n  and Domtar Chemicals L i m i t e d ,  i n d i c a t e d  t h a t  t h e  i m -  
p u r i t i e s  Mn and  S i  were high in  the cobal t -base powders .  
I t  w a s  necessary i n  some i n s t a n c e s  f o r  t h e  s u p p l i e r  t o  add 
i n t e n t i o n a l l y  Mn and S i ,  u s u a l l y  i n  amounts  of  approximately 
0 . 2 5  percent  each,  i n  o r d e r  t o  i n c r e a s e  f l u i d i t y  a n d  a c h i e v e  
proper flow of the  mol ten  meta l  th rough the  a tomiz ing  nozz le .  
The Mn con ten t  of t he  ex t rus ion  o f  coba l t -base  in t e rna l ly  
oxidized atomized powder N o .  8 exceeded t h e  t a r g e t  s p e c i f i -  
c a t i o n  l i m i t .  The S i  con ten t s   o f   t he   ex t rus ions   o f   coba l t -  
base atomized powder N o .  5 ,  and internal ly  oxidized powders  
Nos. 8 and 9 were also high.   Extrusions of atomized  powder 
Nos. 5 and  13 ,  i n t e rna l ly  ox id i zed  powder Nos. 9 and 1 8 ,  and 
composite  powder No. 11 from  Chas. P f i z e r  w e r e  somewhat i n  
excess  of t h e  t a r g e t  limits f o r  C.  The e x t r u s i o n s   o f   c o b a l t -  
base composite  powder Nos. 3 from  Chas. P f i z e r ,  and  13  and 
1 4  from S h e r r i t t  Gordon w e r e  h i g h  i n  S. No de t r imen ta l  ef-  
f e c t s  on magnet ic  or  mechanical  propert ies  w e r e  i d e n t i f i e d  
wi th  t h e  f a c t  t h a t  t h e  i m p u r i t y  c o n t e n t s  o f  some of the ex-  
t r u s i o n s  i n  t ab l e  IV-13 were s l i g h t l y  h i g h e r  t h a n  t h e  o r i g -  
i n a l  g o a l s .  
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The concen t r a t ions  o f  t he  a l loy ing  e l emen t s  and  d i spe r sed  
t h o r i a  i n  t h e  e x t r u s i o n s  i n  t a b l e  IV-13 were g e n e r a l l y  close 
t o  t h e  i n t e n d e d  v a l u e s .  However, t h e  b e r y l l i u m  c o n t e n t  of 
t h e  e x t r u s i o n  made from t h e  i n t e r n a l l y  o x i d i z e d  powder N o .  9 
w a s  analyzed by Westinghouse t o  be 0 .69  w/o compared with 
1 . 9 4  w/o f o r  t h e  o r i g i n a l  powder before o x i d a t i o n ,  as re- 
po r t ed  by Domtar Chemicals  Limited. N o  reason  was found t o  
e x p l a i n   t h i s  anomaly. Small amounts  of  ree  Th(not  combined 
as Th02) were d e t e c t e d  i n  a l l  ex t rus ions  of  the  composi te  
powders. 
The presence  of  0.05 w/o t o  0.15 w/o (500 t o  1500 ppm) of  
oxygen in  the  or ig ina l  prea l loyed  a tomized  powders  might  be  
a n t i c i p a t e d  from oxygen analyses reported for nickel-base 
and  iron-base  prealloyed  atomized  powders  (ref.  IV-54 t o  
IV-57).   Furthermore,   only  the -325 mesh f r ac t ion ,   wh ich  
would  have a h i g h  s p e c i f i c  s u r f a c e  area,  w a s  u sed  on  th i s  
program.  Thus, r a t h e r   s u b s t a n t i a l  amounts  of  oxygen were 
present   in   the   o r ig ina l   a tomized   powders .   This   oxygen   had  
t o  be removed during subsequent  hydrogen reduct ion and s in-  
t e r i n g  b e f o r e  e x t r u s i o n  i f  i n t e r n a l  o x i d a t i o n  of t h e  more 
react ive al loying elements  (beyond that  which might  have 
o c c u r r e d  i n  making  of the atomized powders) w a s  t o  b e  
avoided. The subs t i tu t ion   of   comple te ly  welded Inconel  6 0 0  
r e to r t s  fo r  t he  mechan ica l - sea l  a r r angemen t  used  du r ing  the  
prel iminary  evaluat ion  (phase 1) was employed as a method 
o f  f u r t h e r  i n s u r i n g  minimum  dew poin ts  dur ing  hydrogen  re- 
duc t ion  o f  t he  powders  and s i n t e r i n g  o f  t h e  powder  compacts. 
The oxygen con ten t s  of preal loyed atomized powder  eArusions 
Nos. 5 (Co+l.Ow/oB+4.2w/oCb) and 13  (Fe+25.6w/oCo+l.Ow/oB+ 
4.2w/oZr) i n  tab le  IV-13 were ana lyzed  dur ing  the  f i rs t  phase 
of  the  program,  and  found  to  be 1300  and  1850 ppm, respec- 
t i v e l y .  The oxygen c o n t e n t  o f  t h e  l a t t e r  e x t r u s i o n  w a s  es- 
pec ia l ly   h igh .   Also ,  i t s  n i t rogen   con ten t  ( 6 6 0  ppm) w a s  
h igher  by an order  of  magni tude than that  of  any other  ex-  
truded  composition  analyzed  on  this  program. An x-ray pow- 
der d i f f r ac t ion  inves t iga t ion  conduc ted  on  the  o r ig ina l  -325 
mesh f r a c t i o n  o f  powder N o .  13  as rece ived  f rom the  suppl ie r  
showed t h a t  some of  the zirconium al loying element  was a l -  
ready present  as Z r 0 2 ,  whi le  the  rest was i n  a complex  bor- 
ide compound (containing  boron,   z i rconium,  cobal t ,   and  prob-  
ab ly  i ron )  hav ing  the  Cr23Cg t y p e  o f  c r y s t a l  s t r u c t u r e  ( re fs .  
IV-58 t o  I V - 6 0 ) .  D i f f r ac t ion   pa t t e rns   o f   t he   ex t rus ion  made 
from t h e  powder r e v e a l e d  t h a t  t h e  complex b o r i d e  compound 
w a s  no longer  present ,  but  t h a t  (Fe ,  C O ) ~ B  and Z r 0 2  were t h e  
f ina l   d i spe r sed   phases .  N o  n i t r i d e s  were de tec t ed .  
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I n  view of t h e  o x i d a t i o n  of zirconium, it w a s  d e c i d e d  t o  
inves t iga te  addi t iona l  prea l loyed  a tomized  powders  (-325 
mesh) i n  t h e  f o l l o w i n g  l i s t  by x - r a y  d i f f r a c t i o n  i n  o r d e r  
t o  de t e rmine  i f  o t h e r  reactive a l l o y i n g  elements were pre- 
s e n t  as ox ides  (o r  n i t r i d e s )  i n  t h e  o r i g i n a l  p o w d e r s .  
Atomized 
Powder 
No. 
Nominal 
Composition 
(weight  percent)  Powder S u p p l i e r  
Co+l.OB+4.2Cb Hoeganaes  Sponge I r o n  COrp. 
Co+l. 3Be D o m t a r  Chemicals L t d .  
Fe+25.9Co+4.OCe D o m t a r  Chemicals Ltd.  
Fe+26.3Co+2.7Al Hoeganaes  Sponge I r o n  Corp. 
Fe+26.6Co+1.4Be Domtar Chemicals Ltd. 
Fe+24.8Co+8.3Zr Hoeganaes  Sponge I r o n  COrp. 
( a )  Used l a t e r  f o r   i n t e r n a l   o x i d a t i o n   t r e a t m e n t .  
(b )  Powder o b t a i n e d   f o r   t h e   i n t e r m e d i a t e   e v a l u a t i o n   p o r t i o n  
(phase 2 )  of  the  program. A l l  o ther   powders   obtained 
fo r  phase  1. 
The d i f f r a c t i o n  p a t t e r n s  o f  t h e  p r e c e d i n g  a t o m i z e d  powders 
wi thout  Z r  d id  no t  r evea l  t he  p re sence  o f  any oxides  (or  
n i t r i d e s ) ,  and it w a s  conc luded  tha t  the  a l loy ing  e lements  
were e i t h e r  i n  s o l i d  s o l u t i o n  o r  i n  t h e  form of intermetal-  
l i c  compounds.  However, atomized powder N o .  1 9  con ta in ing  
Z r  was i n d i c a t e d  t o  c o n t a i n  a s u b s t a n t i a l  amount  of Z r 0 2 ,  
bu t  no n i t r i d e s .  
Zirconium was found t o  be t h e  most  react ive element  with 
oxygen during atomized powder-making and processing in this 
program--more r eac t ive  than  ce r ium,  aluminum, o r  be ry l l i um.  
T h i s  was contrary to  expectat ions based on the thermodynamic 
f r ee   ene rgy   o f   fo rma t ion   ( r e f .  I V - 6 1 ) .  
The presence  of Z r 0 2  in  a tomized  powder N O .  13  and  the  ex- 
t ruded  form indica ted  tha t  such  a composition, probably with 
h igher  z i rconium content ,  should  be  cons idered  for  a Z r 0 2  
dispers ion-strengthened  product .   This  w a s  done  on  the i n t e r -  
media te  eva lua t ion  por t ion  (phase  2 )  of  the  program  with 
preal loyed atomized powder N o .  1 9 .  
I t  should  be  noted  tha t  a l l  prealloyed atomized powders ob- 
t a i n e d  f o r  t h i s  program from both suppliers were made by 
e s s e n t i a l l y  t h e  same process .  The metal   charge w a s  melted 
under argon and the molten metal stream w a s  broken up i n t o  
d i s c r e t e  p a r t i c l e s  which w e r e  cooled  and  so l id i f ied  very  
rapid.ly by water je ts  i n  a l a r g e  t a n k  f i l l e d  w i t h  n i t r o g e n .  
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TABLE IV-13. - Chemical  Analyses of Extrusions 
"-."I".""."PY-I .." -.-._-.____- ~ . "  
Intended Composition 
or Analysis Mn 
" 
Intended Composition(a) 
Powder Analysis(b1 
Extrusion  Analysis(c) 
Intended Composhon(a) 
Extrusion  Analysis(c) 
Powder  Analysisb) 
Intended Composition(a) 
Powder  Analysisb) 
Extrusion  Analysis(c) 
Intended Composition(a)(e) 
Extrusion  Analysis(c)(f) 
Powder  Analysis(b)(e) 
Intended Compos't'  (a)(e) 
Powder AnalysistbjT3 
Extrusion Analysis(c)(f) 
Intended Composition(a)(e) 
Extrusion  Analysis(c)(f) 
Powder Analysis(b)(e) 
Intended Composition(a) 
Extrusion  Analysis(c) 
Powder  Analysisb) 
Intended ~olnposi t ion(a)  
Extrusion  Analysis(c) 
Powder Analysis(b) 
Intended Composition(a) 
Extrusion  Analysis(c) 
Powder Analysisb) 
T 
0.04  max. 
0.19 
0.02(d) 
0 .  50 max. 
0. 30 
0.11 
0.23 
0.50 max. 
0. 25 
0.04  max. 
0.22 
0.5m 
< 0.05 
0.04  max. 
0.02(d) 
<o. 1 
0.50 max. 
0.04 
0.04 max. 
0.0& 
0 .  50 max. 
0.21 
" 
0. 04 Inax. 
" 
< 0 .005  
0.04 max. 
" 
<,I. 005 
0. 04 max. 
0. 04 
0. 10 
0. 25 max. 
0.22 
0. 23 
0. 25 max. 
0.033 
< 0.03 
0.04  max. 
0.27 
0. 18 
0.04 max. 
0.012 
0. 10 
0. 25 max. 
0. 08 
0. 14 
0.04  max. 
" 
<o. 02 
0. 25 max. 
" 
<o. 02 
0.04  max. 
" 
<O. 03 
0. 04  max. 
" 
<O. 03 
0.020 max. 
0.043 
0.048 
0.020 max. 
0.023 
0.048 
0.020 max. 
0.018 
0.010 
0.020 max. 
0.009 
0.013 
0.020 max. 
0.028 
0.047 
0.020 max. 
0.026 
0.026 
0.020 max. 
0.019 
" 
0.020 max. 
0.044 
" 
0.020 max. 
0.035 
0.008 
0.020 max. 
0.010 
0.040 
S 
- . - _" 
0.006 max. 
0.007 
0.006 
0.025 max. 
0.011 
0.007 
0.025 max. 
0.021 
0.021 
0.006 max. 
0.004 
0.005 
< 0.002 
0.006 max. 
0.002 
<o. 002 
0.025 max. 
0.008 
0.006 max. 
0.011 
" 
0.025 max. 
0.017 
" 
0.006 max. 
0.032 
0.025 
0.006 max. 
0.032 
0.025 
". 
P 
- - - - - -. 
0.010 m: 
< 0.005 
<O.OOl 
<O. 005 
0.015 m: 
0.005 
0.01: m: 
<O. 005 
0.003 
< 0. 00:. < 0.00' 
0.010 m: 
0.01@ m: 
0.010 
0.004 
<O.  005 
0.015 m: 
0.006 
0.010 m: 
" 
<o. 001 
0.015 m: 
<o. 001 
" 
0.010 m; 
0.003 
" 
0.010  ma 
0.001 
" 
- - 
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6 
ampared w i t h  Analyses of Original  Powders 
I " ~ . 
Ni 
-. - -. . . - - 
3. 70 max. :: ;?d) 
3.  70 max. 
3.12 
3. 09 
3 . 7 0  max. 
3.0 
0.14 
0. IO max. 
0.29 
0.7(d) 
0. IO max. 
0.48 
1 (dl 
0.  IO max. 
0.0 
0. 85d) 
0.70 max. 
0. ;id) 
0.70 max. 
0. ZTd) 
0.70 max. 
0.09 
0.023 
0.70 max. 
0.08 
0.020 
~. 
0.064 
0.026 
" 
" 
" 
0.001 
0.022 
" 
0. l(d) 
" 
0.07 
0. 
0.10  max. 
0. iik-0 
0. 10 max. 
0.  l a d )  
0. 10 max. 
0.002 
" 
0. 10  max. 
0.001 
" 
- - .  ". . 
co 
". 
94. 8 
93.11 
Remainder 
25. 6 t l .  5 
24.75 
24.4 
24. Btl. 5 
23.88 
24. 1 
97.5 
95.59 
Remainder 
98. 7 
97. 7 
Remainder 
Remainder 
Remainder 
23.7t l .  5 
23. 5 
Remainder 
95.5 
Remainder 
" 
" 
Remalnder 
91.1 
Remainder 
Fe 
" 
0. 21 
o.4W 
6 9 . 2 ~ 2 . 0  
69.73 
69. 5 
66.84.0 
66.97 
Remainder 
Not detected 
0. 6(d) 
12.0r2.0 
70.0 
Remainder 
" 
" 
0. ;e@) 
64.2*2.0 
Remainder 
" 
" 
" 
0.037 
" 
" 
0.051 
Zr ZrOp 
T) Includes 0.04 percent soluble aluminum and 2. 74 percent insoluble aluminum. 
L) Determined by vacuum fusion using platinum bath a t  3542°F (1950°C). 
) Both Th and Tho2 were determined by an X-ray fluorescence method. Th is that found by dissolving sample in 1 water: 
i )  Determined  by  wet  analysis. 
:) Calculated from 3.44 percent insoluble Z r  content which was determined. 
3HN03  solution. 
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TABLE I V - 1 3 .  - Continued.  Chemical  Analyses of  
Pllzer 
Pfizer 
Sherrill 
Gordon 
Sherritl 
Cordon 
Intended Composilion(a)(e) 
Extrusion Analys~s(~) ( [ )  
Powder AnaIysls(b)(e) 
Inlended Cornposltion(a)(e) 
Extrusion Analysis(C)(f) 
Powder Analysis(b)(e) 
Intended Cornpos.t 
Powder Analysistb\Te) 
Extrusion ~ n a ~ y s I s ( c ) ( f )  
Intended 
Powder Analysis(b1 
Extruslon Analysis(C) 
Intended Cornpositioda) 
Powder Analys~sb)  
Earusion 
Intended Conlposition(a) 
Extrusion Arulysis(c) 
Powder Analysrsb) 
lnlended Cornposition(a) 
Extrusion A n a l y s ~ s ( ~ )  
Powder Analysls(b) 
4. 2*0. 8 
4. 38 
4. 03 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
(a) Weslinfihouse target I1n11ls. 
(c) Analysis made by Weshwhouse. 
(1)) Analysrb r e p ~ ~ r l e d  11y powder supplier. 
(e) Relore internal r~x~dation treatment. 
(d) Emission spectrographic scn,i-quanlllallve analysis. 
( r )  Aller internal oxidallon treatment. 
(g) Inrludes 0.04 percent solullle alumlnum and 2. 1 4  percent insoluble aluminum. 
" 
<o. ;id) 
" 
0. jid) 
" 
T 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
1. kO. 3 
0.69 0) 
1. &O. 3 
1.9rQ) 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
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Cxtrusions Compared with Analyses of  Or ig ina l  Powders 
Be0 
" 
" 
0. 2 5  
" 
" 
0. 07 
" 
" 
0. 02 
" 
" 
0.08 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
11. 2+1. 5 
11.2 
12. l i l .  5 
1 2 . 5  
4. 52t0. 50 
4. 00 
4. 2 
8. 41t0.50 
8. 6 
8. 29 
" 
" 
. . . -. . - . 
-. .. . 
O h )  
" 
" 
0. 13 
" 
0. 185 
" 
" 
" 
1. 2 3  
" 
2.24 
" 
" 
" 
0. 85 
" 
1. 5 5  
" 
" 
" 
1. 31 
" 
1. 52 
" 
" 
" 
0. 49 
" 
0.98 
" 
-. " 
N 
~~ 
" 
0.0008 
" 
" 
" 
0.066 
" 
0.0057 
" 
" 
0.0006 
" 
" 
" 
0.0012 
" 
" 
< O .  0005 
" 
<O. 0005 
" 
" 
0.0032 
" 
" 
<O. 0005 
" 
" 
" 
0.0007 
c u  Ca 
(h) Determined by vacuum fusion using platinum bath at 3542°F (1D5O1C). 
(i) Both Th and Tho2 were determined by an X-ray fluorescence method. 
(j) Determined by wet analysis. 
Th is  that found by dissolving sample in 1 water: 3HN03 solution. 
(k) Calculated from 3. 44 percent insoluble Zr content whkh was determined, 
(1) Calculated from 2.46 percent total A1 content which was determined. 
(m) Calculated from 2.14 percent insoluble A1 content which was determined. 
(n) Calculated from total Be contents, a s  given in preceding column, whlch were determined. 
Mg 
" 
0. 0 ; u  
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Table I V - 1 4  g i v e s  t h e  o x i d e  and oxygen contents  of  e ight  
ox ide  d i spe r s ion - s t r eng thened  ex t rus ions  made from p r e a l l o y e d  
atomized,  internally  oxidized,  and  composite  powders.  The 
t o t a l  oxygen contents measured by vacuum f u s i o n  were i n  q u i t e  
good agreement with the combined oxygen values calculated 
from t h e  Z r 0 2 ,  Al2O3!  BeO, and Tho2 c o n t e n t s .  I n  t h e  case 
of t h e  i n t e r n a l l y  o x l d i z e d  powder Nos. 8 ,  9 ,  a n d  1 8 ,  t h e  d i f -  
ference between the measured and calculated oxygen contents  
was g rea t e r  ( and  ind ica t ed  a def ic iency  of  oxygen)  than  for  
the  composi te  powder Nos. 3 ,  11, 13,  and 1 4 .  However, t h e  
good agreement between the measured and calculated oxygen 
v a l u e s  f o r  t h e  i n t e r n a l l y  o x i d i z e d  m a t e r i a l s  p r o v i d e d  evi- 
dence  tha t ,  where i n t e r n a l  o x i d a t i o n  and subsequent hydro- 
gen reduct ion t reatments  had been appl ied to  powders ,  the 
o x i d a t i o n  o f  t h e  aluminum and b e r y l l i u m  a l l o y  a d d i t i o n s  was 
subs t an t i a l ly  comple t e ,  and oxides  of  cobal t  and i ron had 
been reduced. 
The r e s idua l   n i t rogen   con ten t s   o f   t hese   ex t rus ions  were 
low, table IV-13. 
2.  Micros t ruc ture  of Hot-Extruded  and  Secondary Worked 
Compositions  (Phases 1, 2 ,  and 3)  
A s  men t ioned  ea r l i e r ,  t h e  d i sperso id  types  and  composi t ions ,  
volume p e r c e n t a g e s ,  p a r t i c l e  s i ze s ,  and i n t e r p a r t i c l e  s p a c -  
i ngs  were va r i ed  ove r  a wide range i n  cobal t -base  and  i ron  
+27w/o coba l t -base  ma t r i ces  in  th i s  p rogram in  o rde r  t o  
eva lua te  t h e i r  e f f e c t  on s o f t  m a g n e t i c  p r o p e r t i e s ,  as i n d i -  
ca t ed  by changes i n  coe rc ive  fo rce ,  and t o  a lesser e x t e n t  
on  mechanical   propert ies .  The d isperso id   parameters  were 
expec ted  to  have  impor tan t  e f fec ts  on t h e  m a t r i x  g r a i n  
s t ruc ture ,  response  to  secondary  working  t rea tments  appl ied  
to  ho t - ex t ruded  ma te r i a l ,  and t h e r m a l  s t a b i l i t y  o f  t h e  d i s -  
pe r so id  and ma t r ix  s t r u c t u r e .  
A summary of t h e  mic ros t ruc tu ra l  pa rame te r s  measu red  o r  ca re -  
ful ly  es t imated through comparat ive photomicrographs a t  1 0 0 0  
t o  1500X on composi t ions extruded with a conventional hydrau- 
l i c  p r e s s   a r e   g i v e n   i n   t a b l e s  IV-15 and I V - 1 6 .  Some of t h e  
micros t ruc tura l  parameters  were re-measured more precisely 
on electron micrographs of  seven of t h e  more impor tan t  com- 
p o s i t i o n s  and  powder types.   Although these pa rame t r i c   va lues  
are mainly only approximate,  they were regarded as s a t i s f a c -  
t o r y  and use fu l  fo r  pu rposes  of s e m i - q u a n t i t a t i v e  c o r r e l a t i o n  
w i t h  magnetic  and  mechanical  properties.   Secondary  working 
of  the hot-extruded composi t ions caused no s i g n i f i c a n t  
change in  ave rage  effect ive p a r t i c l e  s i z e  and average in-  
t e r p a r t i c l e  s p a c i n g  o f  t h e  d i s p e r s o i d .  
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TABLE IV-14. Oxygen  Contents of Oxide  Dispersion-Strengthened 
Extrusions 
Intended  Composition  Element 
Oxide Forming 
; z % n o & o ]  (weight  percent) (weight  percent) 
~ 
. Prealloyed Atomized Powders (Extruded) 
19. I Fe+24.8Co+8.3Zr I 3.44Zr(g) 
'. Internally Oxidlzud Powders (Extruded) 
8. Co+4.  1Al2O3
9.  Co+3.6 Be0 
18. Fe+26.OCo+3.9BeO 
. Composite  Powders  (Extruded) 
3.   Co+ll .   2Th%iPfizer) 
11. 
13. 
14. 
Fe+23. I C o c 1 2 . 1 T h ~  
(Pfizer) 
Co+4.5Th02 
(Sherritt  Gordon) 
Co+8.  4Th% 
(Sherritt  Gordon) 
L 
(weight  percent) 
Oxide 
4. 65Zr@(h) 
3alculated  Oxygen 
(0) Combined 
(weight  percent) 
as Oxide 
1.21 
2.44 
1.22 
2.02 
1.36 
1.  51 
0.48 
1.00 
Measured 
Total Oxygen 
weight  percent) 
(0) 
1.23 
2.24 
0.85 
1.55 
1 .31  
1.52 
0.49 
0.98 
Difference 
Measured  and 
Be t r een  
Calculated 
(might   percent)  
Oxygen (0) 
+O. 02 (excese) 
-0.20 
(deficiency) 
-0.37 
(deficiency) 
(deficiency) 
-0.41 
-0.05 
(deficiency) 
+O. 01  (excess) 
+O. 01  (excess) 
-0.02 
(deficiency) 
(a) Determined as insoluble A I .  The soluble AI was 0.04 percent.  
(b) Equivalent to 2.14 percent insoluble AI .  
(c) Determined as   to ta l  B e .  
(d) Equivalent to 0.89 percent  total Be. 
(e) Equivalent to 1. 14 percent total Be. 
( f )  Determined as Tho2 by X-ray  flourescence. 
(9) Determined as insoluble Zr. 
(h) Equivalent to 3.44 percent insoluble Zr. 
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TABLE IV-15. Approximate  Values of Microstructural  Parameters  for 
Hydraulic  Extrusions  Obtained for Initial  Evaluation 
Effort  (Phase 1) 
?ooaider or  
Sxtrusion 
No. 
Nominal  Composition 
(weight percent) 
L Prealloyed Atomized Powders  (Extruded) 
4 
3 
5 
6 
12 
13 
14 
15 
Co+l. OB+2.2Ti 
Cwl.OBt4.2Zr 
Cocl. OB+4.2Cb 
Cocl. 0&8. 3Ta 
Fe.26. lCo+l. OB+2.2Ti 
Fe+25.6Cc-l.  OB+4.2Zr 
Fe+25.6Cwl. OB+4.2Cb 
Fe+24.5Cw l.OB+8.3Ta 
). Internally Oxidized Powders (Extruded) 
8 
9 and 9A 
17 
CW3.6BeO 
18 
Fe+25.6Co+5.lAl203 
Fe+26.OCo+3.9Be0 
:. Composite Powders  (Extruded) 
cW4. 7 d 2 0 3  
3 
11 
1 
2 
3 
4 
11 
1. Supplie 
C ~ l l .  ZTh%(O.Ol-O. 0 6 ~ ) ~  
Sherritt Cordon 
Vitro  Labs 
Chas. Pfizer 
Chas. Pfizer 
Chas. Pfizer 
Chas. Pfizer 
Chas. Pfizer 
Fe+23.7Cwl2.1ThQ(O.  01-0.06~ 
CW4. 75Al~O~(O.O1-0.06~)~ 
C0+4 75A1203(0. 1-0.6p), 
C ~ l l . 2 T h ~ ( 0 . 0 1 - 0 . 0 6 ~ ) ,  
C ~ l l .  ZThq(0. 1-0. 6r) ,  
Fe+23.7C0+12.1Th0~(0.01-0.06r 
:firusions of Dispersion-Strengthel 
CWll. 2Th (0.01-0 06rTh ) 
C0+2.3Th&. O l - O . b 6 ~ T h a  
CW2.3ThQ(0.01-0.06pThQ) 
r 
Iispersed Phase 
Amount of 
ercent by volume) 
32 
26 
27 
27 
20 
20 
20 
21 
9.8 
8.3 
8.4 
9. 6 
10 
10 
10 
10 
10 
10 
10 
1 cobalt 
9. 
1. 
1. 
3 
8 
8 
ffective Size 
Average 
f Dispersed 
>articlesk) 
(microns) 
0.95 
1.5 
0. 75 
0. 73 
1.6 
0.90 
0. 77 
0. 74 
0.3w 
0.3w 
0.3m 
1.0 
0. l(f) 
1.1 
0. z(f) 
0. 6(f) 
0.2w 
0.3(f) 
0.3(f) 
O.l(f) 
1 A 
lterparticle 
Average 
(microns) 
Spacing 
3.2 
2.7 
2.0 
2.0 
6. 4 
3. 6 
2 . 8  
3. 1 
2. 8 
3.3 
10.9 
2.8 
0.9 
9.9 
1. 8 
5.4 
1.8 
2.7 
2.7 
1.0 
5.5 
5.5 
Degree of 
'crystallization 
(percent) 
5 
5 
5 
5 
20 
20 
20 
20 
4 
4 
25 
10 
4 
30 
5 
12 
5 
7 
10 
2 
5 
mount 
'orosity 
Ercent) 
Of 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
0-1 
0-1 
(a) Given 85 percent cold reduction by swing after hot extrusion. All other material in hot extruded condition. 
(e) Extrusion supplied by Curtiss-Wright Corp., Metals Processing Division, Buffalo, New York. 
(b) Extrusion supplied by  New England Materials Laboratory, Inc., Medford, Massachusetts. 
(d) Cobalt undergoes phase transformation at 783°F from cubic to hexagonal structure on cooling. These materials were 
(e) Iron-cobalt matrix undergoes phase transformation at approximately 1770°F from face centered cubic to  body 
(I) Estimated value from observations under light microscope and on photomicrographs. Could not be measured with light 
(9) No evidence of lack of bonding between the dispersed  phase and the matrix W?B found 
partially  transformed and contained a mixture of hexagonal ud cubic  cobalt at rwm temperature. 
centered cubic on  cooling. 
microscope. 
TABLE  IV-16.  Approximate  Values of Microstructural  Parameters 
for  Hydraulic  Extrusions  Obtained for Intermedi- 
ate  and  Final  Evaluation  Efforts  (Phases 2 and 3 )  
Powder or 
Extrusion 
No. 
a. Preallc 
Nominal  Composition 
(weight  percent) 
!d Atomized  Powders  (Extruded) 
Fe+24.8Co+8.3Zr 
CwO.  8W3.2Cb 
b. Compo! 
13 
14 
13 
14 
15 
sit e Powders  (Extruded) 
Sherritt  Gordon 
C W ~ .  5Th02(0.01-0. M p ) ,  
Sherritt  Gordon 
C0+8.4Th02(0.01-0.06~),  
Chas.  Pfizer 
Co+4.5Th02(0.01-0.06p), 
CO+8.4Th02(0.01-0. M p ) ,  
Chas. Pfizer 
Fe+24.5Co+9.3Th02(0.01-0.MP), 
Chas. Pfizer 
Amount of 
Dispersed 
Phase 
(percent 
by volume] 
L 
4 
7 .5  
4 
7.5 
7 . 5  
L 
Average 
Effective 
3ispersed 
Size of 
Particles 
:microns) 
0 . 3 w  
0.77 
O.l(C) 
O.l(C) 
0. z(c) 
0 .  z(c) 
0 . 3 m  
Average Average 
Grain 
Size 
(microns] 
(approx. ) 
18 
8 
6 
4 
6 
4 
12 
(a)  Cobalt  undergoes  phase  transformation  at  783°F from cubic  to  hexagonal  structure on Cooling. 
These  materials  were  partially  transformed and  contained  a  mixture of hexagonal  and  cubic  cobalt 
at  room  temperature. 
cubic  to body centered  cubic on  cooling. 
Could not be measured  with  light  microscope. 
(b)  Iron-cobalt  matrix  undergoes  phase  transformation  at  approximately  1770°F  from  face  centered 
(c) Estimated  value  from  observations  under  light  microscope  and on photomicrographs. 
(d) 6 . 4  v/o ZrOZ + 14 v/o coarse, elongated Fe-Co-Zr constituent. 
amount 
Of 
Porosity 
h r c e n t )  
In  regard  to  the  three  prealloyed  atomized  powder  composi- 
tions  extruded  by  Dynapak (Nos. 4 ,  13, and 141,  the  size of 
the  dispersed  particles  and  the  interparticle  spacing  were 
approximately  30  percent  less  than  in  the  hydraulic  extru- 
sions. 
All of the  Fe+Co-base  extrusions  made on this  program  from 
prealloyed  atomized,  internally  oxidized,  and  composite  pow- 
ders  had  a  recrystallized  grain  structure  and  a  coarser  grain 
size  than  the  Co-base  extrusions.  This  was  also  true  for  the 
Dynapak  extrusions of the  three  prealloyed  atomized  powders. 
These  were  extruded  at  1600"  F  which  is  below  the 1770" F 
transformation  temperature of the  Fe+27w/o Co matrix. 
The  matrix  of  cobalt-base  extrusions  at  room  temperature 
consisted  of  a  mixture of hexagonal  and  face  centered  cubic 
cobalt of fine  grain  size. 
Complete  densification of the  powders  by  hydraulic  extrusion 
was  essentially  accomplished,  since  only  about  two  percent 
maximum of internal  porosity  was  noted. 
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a. IDENTIFICATION OF DISPERSOIDS BY X-RAY DIFFRACTION 
X-ray d i f f r ac t ion  s tud ie s  pe r fo rmed  on  hydrau l i c  ex t ru -  
s i o n s  o f  t h e  c o m p o s i t i o n s  l i s t e d  i n  t a b l e  IV-17 iden- 
t i f i e d  and confirmed the secondary phases  present  in  the 
m a t r i x .   I n   t h e   c o b a l t - b a s e   a l l o y s  made f rom  prea l loyed  
atomized powders, some o f  t h e s e  c o n s t i t u e n t  p a r t i c l e s  
belonged t o  t h e  f a m i l y  o f  t e r n a r y  b o r i d e s  c a l l e d  t a u  
which  have t h e  C r 2 3 C 6  s t r u c t u r e  (D84 s t r u c t u r e  t y p e )  a n d  
a r e  r e p r e s e n t e d  by TZ~-~M,B, ,  where T i s  Co, and M i s  
one   of   the   fo l lowing:  T i ,  Z r ,  Cb o r  Ta, (refs. IV-58 
t o  I V - 6 0 ) .  Roughly, m ranges  from 2 t o   3 .5   and  n 
from 5 t o  1 2 .  The composition  of  the  cobalt-columbium 
bor ide  i s  Co21Cb2Bg and t h a t  o f  t h e  c o b a l t - t a n t a l u m  
bor ide  i s  Co21Ta2Bg a t  800°  C ( 1 4 7 2 O  F ) .  I n   t h e   i s o -  
thermal  sec t ions  of  the  te rnary  d iagrams no  t i e  l i n e s  
run i n  t h e  d i r e c t i o n  from Co t o  t h e  d i b o r i d e s  CbB2 
and TaB2. The t a u   t e r n a r y   b o r i d e s   c r y s t a l l i z e  con- 
g ruen t ly  from t h e  melt and are repor ted  to  have  micro-  
hardness   values  somewhat  above hardened s teel  ( r e f .  
IV-58).  Table I V - 1 7  shows t h a t  i n  a d d i t i o n   t o   t h e   t a u  
t e r n a r y  b o r i d e ,  a r e l a t i v e l y  s m a l l  amount of Z r 0 2  (mono- 
c l i n i c )  was p r e s e n t  i n  t h e  e x t r u s i o n  o f  c o b a l t - b a s e  
atomized powder N o .  4 ,  whi le  a small amount  of  an  uni- 
den t i f i ed  phase  w a s  i n  N o .  5. 
Unl ike   cobal t -base   a l loys ,  no D 8 4  t y p e  b o r i d e s  ( t a u )  
have  been  repor ted  wi th  i ron ,  a l though te rnary  i ron  
ca rb ides  and  an  i ron  ca rbo-bor ide  wi th  th i s  s t ruc tu re  
have  been  reported  in   the l i t e r a tu re .  I n  t h e  c a s e  o f  
t he  ex t rus ion  o f  p rea l loyed  a tomized  powder N o .  13 ,  
Fe+25.6w/oCo+1.0w/oB+4.2w/oZr, t h e  Z r 0 2  and (Fe,  C O ) ~ B  
secondary  phases were p r e s e n t .  The o r i g i n a l   a t o m i z e d  
powder N o .  13   d id   con ta in  Z r 0 2  and t h e   t a u   b o r i d e .  I n  
t h i s  case t h e  t a u  b o r i d e  may have appeared as a non- 
equ i l ib r ium phase  in  t h e  powder, which underwent very 
r ap id  coo l ing  f rom the  l i qu id  s t a t e  du r ing  manufac tu re .  
Ano the r  exp lana t ion  migh t  be  tha t  t he  z i r con ium in  the  
t au  bo r ide  reacted w i t h  oxygen during powder process- 
i n g  i n t o  a n  e x t r u s i o n  u n t i l  it was comple t e ly  t i ed  up 
a s  Z r 0 2 ,  l e a d i n g  t o  t h e  d isappearance  of  the  tau  bor ide  
and the  format ion  of (Fe,  Co)2B. 
The extrusion of  a tomized powder N o .  1 9  conta ined  Z r 0 2  
(monoclinic)  and  another  secondary  phase ( s )  . Although 
t h e  l a t t e r  c o u l d  n o t  b e  i d e n t i f i e d  by t h e  ASTM f i l e  
system, it undoubtedly w a s  an i n t e r m e t a l l i c  compound 
o r  compounds of Fe,  Co, and Z r .  
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TABLE IV-17.  X-Ray Diffraction  Identification of Dispersed 
Constituent  Particles  in  Extrusions 
Powder  
TYP@ 
Atomized 
No. 4 
Atomized 
No. 5 
Atomized 
No. 1 3  
A t o n ~ i z e d  
No. 19 
Internal ly  
Oxidized 
No. 8(a)  
Internal ly  ;)d;Tt?y 
Internal ly  
Oxidized 
No. 1 7 ( d  
Internal ly  
Oxidized 
No, 18(b) 
Comprisite 
No. 11 
Powder  
Suppl ier  
Hoeganaes 
Hoeganaes 
Hoeganaes 
Hoeganaes 
Hoeganaes 
Dom t a r  
Hoeganaes 
Domta r  
Chas .   P f i ze r  
Nominal   Composi t ion 
(weight percent) 
Co+l.   OB+4.2Cb 
Fe+25 .6Co+l .  OB+ 
4 .2   Zr  
Fe+24.8C0+8.   3Zr 
C o + 3 . 6 B e 0  
Fe+25.6C0+5. 1 
A1203 
Fe+23.7Co+12.1 
ThOZ 
D i s p e r s e d  
Phases Identified 
In Ex t rus ions  
T a u   T e r n a r y  
B o r i d e   a n d   Z r %  
Tau Bor ide  Tei3=y 
Alpha-Ala03  
Be 0 
Alpha-Al203 
B e 0  
T h o 2  
(a )  Prea l loyed  a tomized  powder  obta ined  f rom Hoeganaes  and  in te rna l ly  
(b)  Preal loyed atomized powder  obtained from Domtar  Chemicals  Ltd.  
( c )  Conta ined   smal l   amount  of unidentified  phase or phases   a l so .  
oxidized  by  Westinghouse.  
and  internal ly   ozidized  by  West inghouse.  
" - . " 
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The d ispersed  phases  i n  the e x t r u s i o n s  of i n t e r n a l l y  
oxidized and composite powders i n  table IV-17  were 
those  expected.  I n  t h e  case of t h e  i n t e r n a l l y  o x i d i z e d  
powders ,  the x-ray s tudy provided addi t ional  evidence 
beyond t h e  oxygen and oxide values determined by chem- 
i ca l  a n a l y s i s  o n  e x t r u s i o n s  t h a t  t h e  i n t e r n a l  o x i d a -  
t i o n  and subsequent hydrogen reduction treatments had 
accomplished  their   purpose.   Oxidat ion of the  aluminum 
and bery l l ium a l loy ing  e lements  w a s  ach ieved ,  and  the  
c o b a l t  and i ron  ox ides  were reduced back t o  metal p r i o r  
t o  e x t r u s i o n .  
b .  MICROSTRUCTURE OF PREALLOYED ATOMIZED POWDER 
COMPOSITIONS 
The cobalt-base and iron+27w/o cobalt-base prealloyed 
atomized  powders  containing  boron,  t i tanium,  zircon- 
ium, columbium,  and t a n t a l u m  c o n t a i n e d  t h e  g r e a t e s t  
amount of  dispersed phase,  up t o  32 p e r c e n t  by volume. 
The a v e r a g e  d i s p e r s o i d  p a r t i c l e  s i z e  ranged around one 
micron. The p a r t i c l e s  were even ly   d i s t r ibu ted   t h rough-  
o u t  t h e  mat r ix .  
Figure I V - 1 0  shows a photomicrograph and figure I V - 1 1  
an electron micrograph of  the Co+l.Ow/oB+4.2w/oCb hy- 
d r a u l i c   e x t r u s i o n   c o n t a i n i n g  27v/o d i s p e r s o i d .  The 
l a r g e r ,  c l e a r  c o n s t i t u e n t  p a r t i c l e s  were i d e n t i f i e d  by 
d i f f r a c t i o n  s t u d i e s  t o  b e  t h e  t a u  t e r n a r y  b o r i d e ,  w h i l e  
the  smal l  amount  of f i n e r  c o n s t i t u e n t  p a r t i c l e s  r e m a i n e d  
u n i d e n t i f i e d .  
The l a r g e r ,  c l e a r  p a r t i c l e s  i n  f i g u r e s  I V - 1 2  and IV-13 
o f  t he  Fe+25.6w/oCo+1.0w/oB+4.2w/oZr h y d r a u l i c  e x t r u -  
s i o n  c o n t a i n i n g  2Ov/o d i s p e r s o i d  were (Fe ,  Co) B w i th  
a t e t r a g o n a l  s t r u c t u r e ,  w h i l e  t h e  smaller, darz  par -  
t i c l e s  were Zr02 having a monoc l in i c  s t ruc tu re .  
The three Dynapak ex t rus ions  con ta ined  a f i n e r  d i s p e r -  
s i o n  o f  c o n s t i t u e n t  p a r t i c l e s  ( s m a l l e r  s i z e  and smal- 
l e r  i n t e r p a r t i c l e  s p a c i n g )  and f i n e r  g r a i n  s i z e ,  f i g -  
ure  I V - 1 4 ,  t han  ex t rus ions  of t h e  same prea l loyed  pow- 
der  composi t ions made with a conven t iona l  hydrau l i c  
p r e s s ,   f i g u r e  I V - 1 2 .  Holding  the  processing  tempera- 
t u r e s  t o  1 6 0 0 '  F maximum i n  the former,  compared  with 
2000'  F maximum i n  t h e  l a t t e r ,  minimized the coarsen- 
i n g  o f  t h e  d i s p e r s o i d  i n  t h e s e  p a r t i c u l a r  c o m p o s i t i o n s .  
The Fe+24.8w/oCo+8.3w/oZr composi t ion  obta ined  for  t h e  
i n t e rmed ia t e  eva lua t ion  e f fo r t  (phase  2 )  conta ined  a 
dispersion of 6.4v/oZr02 of approximately 0.3 micron 
1 9 4  
Microns 
F I G U R E  I V - 1 0 .  Photomicrograph of Hydraulic  As-Extruded 
Atomized Powder No. 5 ,  Cot- 1.Ow/oB+4.2w/o 
C b  (27v/o Dispe r so id ) ,  Showing Larger 
P a r t i c l e s  of T a u  Ternary Boride (Light)  
and  Other  Finer P a r t i c l e s  (Dark )  Dispersed 
in  Cobal t  Mat r ix ,  Longi tudina l  Sec t ion  
Near  Front  of Ext rus ion ,  l O O O X ,  E tched  in  
Acetic-Nitric-Hydrochloric-Water (1 : 1 :4 : 1 
Rat io)  
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B A 
1 
1 Micron 
FIGURE IV-11. Electron  Micrograph of Replica of Hydraulic As- 
Extruded  Atomized  Powder No. 5, Co+l.Ow/oB+4.2 
w/oCb  (27v/o Dispersoid),  Showing  Larger  Particles 
of Tau Ternary  Boride (A) and Finer  Particles of 
Another  Phase ( B ) ,  Longitudinal  Section, 7500X, 
Rod Etched  in  Carapella's  Reagent 
19 6 
Microns 
FIGURE IV-12. Photomicrograph of Hydraulic  As-Extruded  Atom- 
ized  Powder No. 13, Fe+25.6w/oCo+l.0w/oB+4.2w/o 
Zr(20v/o  Dispersoid),  Showing  Larger  Particles 
of (Fe,  Co)2B,  (A-light) , and  Finer  Particles 
(B-dark) of Zr02  Dispersed  in  Recrystallized 
Matrix,  Longitudinal  Section  Near  Front of Ex- 
trusion,  lOOOX,  Etched  in  Acetic-Nitric-Hydro- 
chloric-Water (1:1:4:1 Ratio) 
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I 
B A  
1 Micron 
FIGURE IV-13. Electron  Micrograph of Extraction  Replica of 
Hydraulic  As-Extruded  Rod,  Atomized  Powder No. 
13, Fe+25.6w/oCo+1.0w/oB+4.2w/oZr (20v/o Dis- 
persoid) , Showing  Larger  Particles ( A )  of (Fe, 
C o ) 2 B  and  Finer  Particles ( B )  of Zr02,  Longi- 
tudinal  Section,  12,00OX, Rod Etched  in 
Carapella's  Reagent 
198 
Microns 
FIGURE IV-14. Photomicrograph of Dynapak  As-Extruded Rod of 
Atomized  Powder No. 13, Fe+25.6w/oCo+l.Ow/oB+ 
4.2w/oZr (2Ov/o Dispersoid) , Showing  (Fe,  Co) 2B 
Particles  (A-light) and Zr02  Particles  (B-dark) 
Dispersed  in  Fe-Co  Recrystallized  Matrix,  Longi- 
tudinal  Section, lOOOX, Etched in Carapella's 
Reagent 
average p a r t i c l e  s i z e  and 14v/o of coarse, e longa ted  
p a r t i c l e s   o f  Fe-Co-Zr c o n s t i t u e n t .  The s t r u c t u r e  of 
t h i s  a l l o y  a f t e r  32 cycles  of  secondary working i s  
shown i n  an  e l ec t ron  mic rograph ,  f i gu re  IV-15. 
c. MICROSTRUCTURE O F  INTERNALLY O X I D I Z E D  POWDER 
COMPOSITIONS 
Figure  IV-16 shows t h e  B e 0  d i s p e r s o i d  i n  t h e  c o b a l t  
matrix  (hexagonal + f ace  cen te red  cubic forms)   o f   the  
h y d r a u l i c  e x t r u s i o n  o f  i n t e r n a l l y . o x i d i z e d  ( t w o  hours  
a t  1830'F)  atomized  powder N o .  9 .  The secondary  phase 
p a r t i c l e s  i n  t h e  i n t e r n a l l y  o x i d i z e d  c o m p o s i t i o n s  
t e n d e d  t o  b e  f i n e r ,  b u t  n o t  as uni formly  d ispersed  as 
in  the  ex t rus ions  of  prea l loyed  a tomized  powders .  
d. MICROSTRUCTURE O F  COMPOSITE POWDER COMPOSITIONS 
The micros t ruc tures  of  the  hot -ex t ruded  and  secondary  
worked c o n d i t i o n s  f o r  t h e  Co+8.4w/oThO2 (7.5v/oTh02, 
0 . 0 1 - 0 . 0 6  micron)  composite  powder N o .  1 4  f r o m  S h e r r i t t  
Gordon a r e  shown i n  f i g u r e s  I V - 1 7  and  IV-18. N o  marked 
change i n  t h e  u n i f o r m i t y  o f  d i s t r i b u t i o n  o f  Tho2 par- 
t i c l e s  was observed  with  secondary  working. The Tho2 
p a r t i c l e s  h a d  a n  e f f e c t i v e  p a r t i c l e  s i z e  of  approxi-  
mately 0 . 1  micron. The equ iaxed   ma t r ix   g ra in   s t ruc tu re  
o f  t he  ho t - ex t ruded  cond i t ion ,  f i gu re  I V - 1 7 ,  w a s  changed 
t o  a n  e l o n g a t e d  g r a i n  a n d  s u b g r a i n  s t r u c t u r e  by secon- 
dary  working,   f igure IV-18. The subgrain  boundaries  
appeared t o  be a s soc ia t ed  wi th  t h e  t h o r i a  p a r t i c l e s .  
The micros t ruc ture  of  rod  secondary  worked  for  1 6  cy- 
cles a t  1250" F of  the  Co+ll.2w/oTh02  (10v/oTh02, 0 .01-  
0 . 0 6  micron)  composite  powder N o .  3 f rom  Chas.   Pf izer  
i s  shown i n  f i g u r e  I V - 1 9 .  The d i s p e r s i o n  o f  t h e  t h o r i a  
was f a i r l y  u n i f o r m ,  b u t  t h e r e  was a d e f i n i t e  t e n d e n c y  
f o r  t h e  Tho2 p a r t i c l e s  t o  be p r e s e n t  as c l u s t e r s  a n d  
s t r i n g e r s .  A s  a r e s u l t ,  t h e  e f f e c t i v e  p a r t i c l e  s i z e  of 
t h e   t h o r i a  w a s  approximately 0 . 2  micron. An e longa ted  
g r a i n  s t r u c t u r e  w a s  produced by secondary working. 
The Fe+24.5w/oCo+9.3w/oThO2 (7.5v/oThO2, 0 .01-0 .06  m i -  
cron)  composite powder N o .  15 from  Chas. P f i z e r  was 
extruded  and  secondary  worked  for 2 8  c y c l e s  ( t h e  f i r s t  
1 6  a t  1 0 0 0 '  F p l u s  1 2  a t  1250' F ) .  A f i n e ,   e l o n g a t e d  
g r a i n  s t r u c t u r e  w a s  produced. The e f f e c t i v e  s i z e  o f  
t h e  t h o r i a  w a s  r a the r  l a rge ,  0 .3  mic ron ,  because  o f  t he  
tendency   to  be p r e s e n t  i n  c l u s t e r s .  A s  a r e s u l t  t h e  
i n t e r p a r t i c l e  s p a c i n g  w a s  l a r g e r  t h a n  d e s i r e d ,  3 . 7  m i -  
c rons ,  as shown i n  f i g u r e  I V - 2 0 .  
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FIGURE IV-15. Electron  Micrograph of Ext rac t ion   Repl ica  of Rod 
Secondary Worked f o r  32 C y c l e s  ( f i r s t  1 6  a t  lOOOOF 
p l u s  1 6  a t  1250OF) of Atomized Powder N o .  1 9 ,  Fe+ 
24.8w/oCo+8.3w/oZr (6.4v/oZr02+14v/o Coarse, 
Elongated Fe-Co-Zr C o n s t i t u e n t ) ,  Showing Z r 0 2  
Dispersoid and Elongated Grain Structure  of  
Matrix, Longi tudinal   Sect ion,  18,00OX, Rod 
Etched i n  Carapel la 's  Reagent and then i n  
1 0  Pe rcen t  So lu t ion  of Bromine i n  Methanol 
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FIGURE I V - 1 6 .  Electron  Micrograph of Ex t rac t ion  Rep l i ca  of 
Hydraulic As-Extruded Rod, In t e rna l ly  Ox id ized  
Powder N o .  9 ,  Co+l.3w/oBe (8.3v/oBe0), Showing 
S t r i n g e r s  of B e 0  Pa r t i c l e s ,  Long i tud ina l  Sec -  
t i o n ,  9OOOX, Rod E l e c t r o l y t i c a l l y  E t c h e d  i n  20% 
P e r c h l o r i c  Acid i n  Ethyl Alcohol a t  1 0  Volts  
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FIGURE I V - 1 7 .  Electron  Micrograph  of   Extract ion  Repl ica   of  
Hydraulic As-Extruded Rod of Composite Powder 
N o .  1 4  from S h e r r i t t  Gordon, Co+8.4w/oTh02 ( 7 . 5  
v/oThO2, 0.01-0.06 micron) .  Showing Tho2 Part ic les  
(Dark) and Equiaxed Grain Structure of Matrix con- 
taining Hexagonal and  Cubic Forms, Longitudinal  
Sec t ion ,  12,00OX, Rod Etched i n  C a r a p e l l a ' s  Re- 
agent  and  then  in  1 0  Percent  Solu t ion  of  Bromine 
i n  Methanol. 
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F I G U R E  IV-18. Electron  Micrograph of Ex t rac t ion  Rep l i ca  of Rod 
Secondary Worked f o r  28 Cycles a t  1250'F of Com- 
pos i te  Powder N o .  1 4  from S h e r r i t t  Gordon, C0+8.4 
w/oTh02 (7.5v/oTh02, 0 . 0 1 - 0 . 0 6  mic ron) ,  Showing 
Tho2 Par t ic les  (Dark)   and  Fibrous  Grain  Structure  
of C o  Matr ix  Containing Almost En t i r e ly  Cub ic  
Form, Long i tud ina l  Sec t ion ,  18,OOOX, Rod Etched 
in  Carape l l a ' s  Reagen t  and  then  in  10  Pe rcen t  
S o l u t i o n  of Bromine i n  Methanol 
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FIGURE IV-19. Electron  Micrograph  of   Extract ion  Repl ica  of Rod 
Secondary Worked f o r  1 6  Cycles a t  1250'F of Com- 
p o s i t e  Powder N o .  3 from  Chas. P f i z e r ,  Co+11.2 
w/oThO2 (10v/oTh02, 0.01-0.06 micron) ,  Showing 
Tho2 Particles (Dark)  and  Elongated  Grain S t r u c t u r e  
of Co Matr ix ,  Longi tudina l  Sec t ion ,  9OOOX, Rod 
Etched i n  Carapel la 's  Reagent  and then in  1 0  
Pe rcen t  So lu t ion  of Bromine i n  Methanol 
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FIGURE I V - 2 0 .  Electron  Micrograph  of   Extract ion  Repl ica  of Rod 
Secondary Worked f o r  28  C y c l e s  ( f i r s t  1 6  a t  lOOOOF 
p l u s  1 2  a t  1250OF) of  Composite Powder N o .  15  from 
Chas. P f i z e r ,  Fe+24.5w/oCo+9.3w/oThO2 (7.5v/oThO2 
0.01-0 .06  micron) ,  Showing Tho2 Part ic les  (Dark) 
and Elongated Structure of Matr ix ,  Longi tudinal  
Sec t ion ,  9OOOX, Rod Etched in  Carapel la 's  Reagent  
and  then  in  1 0  Percent  Solut ion of  Bromine i n  
Methanol 
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The Tho2 p a r t i c l e s  i n  t h e  e x t r u s i o n  of composite pow- 
der N o .  11 f r o m  V i t r o  L a b s ,  Fe+23.7w/oCo+12.lw/oTh0~ 
(10v/oThO2,  0.01-0.06 mic ron) ,  exh ib i t ed  a g r e a t e r  de- 
g r e e  of c l u s t e r i n g  a n d  s t r i n g e r i n g  t h a n  t h e  o t h e r  mate- 
rials. There fo re ,   t he  effective p a r t i c l e  s i z e  of t h e  
d i s p e r s o i d  w a s  large (approximtely 1.1 microns) and so 
w a s  t h e  a v e r a g e  i n t e r p a r t i c l e  s p a c i n g  ( a p p r o x i m a t e l y  
9.9 microns) .  
e. MICROSTRUCTURE O F  SUPPLIER  EXTRUSIONS O F  DISPER- 
SION-STRENGTHENED COBALT 
The s u p p l i e r  e x t r u s i o n  N o .  3 of nominally C o + l 1 . 2 w / o  
Tho2 (10v/oThO2, 0.01-0.06  micron) f r o m  New England 
Materials Laboratory contained a r e l a t i v e l y  u n i f o r m  
d i spe r s ion  o f  Th02, f i g u r e  I V - 2 1 ,  a l though some c lus -  
ters a n d  s t r i n g e r s  w e r e  p re sen t .  
The Cur t i ss -Wright  rod ,  suppl ie r  ex t rus ion  No. 9 of  
nominally Co+2.3w/oTh02 (2v/oTh02, 0 .01-0 .06  micron) ,  
had a few f i n e  s t r i n g e r s  o f  n o n - m e t a l l i c  mater ia l ,  
f i g u r e  I V - 2 2 .  These w e r e  s t a t e d  t o  be Tho2 by  Curt iss-  
Wright. The secondary  worked  rod  (85% t o t a l   r e d u c t i o n  
a t  room temperature  by swaging) contained s imilar  s t r i n g -  
ers of Th02, a l though these  are no t  shown i n  f i g u r e  IV-23. 
Secondary working did not  change s ignif icant ly  the dis-  
t r i b u t i o n  of t h e  Tho2 p a r t i c l e s  i n  t h e  m a t r i x .  
L a r g e  s t r i n g e r s  may r e s u l t  i n  n o t c h  s e n s i t i v i t y  a n d  p o s s i -  
b l e  e r r ac t i c  c r e e p  r e s u l t s .  
3. DC Magnetic  Properties  of  Hot-Extruded  (Phases 1, 2 ,  
and 3 )  and  Preliminary  Secondary Worked (Phase 2 )  
ComDos it  ions  
The r e s u l t s  o f  t h e  c o e r c i v e  f o r c e  and s a t u r a t i o n  measure- 
m e n t s  o n  h y d r a u l i c  e x t r u s i o n s  i n  t h e  i n i t i a l  e v a l u a t i o n  e f -  
f o r t   ( p h a s e  1) are p r e s e n t e d   i n   t a b l e  I V - 1 8 .  For  purposes 
o f  d i s c u s s i o n ,  t h e s e  d a t a  a l o n g  w i t h  t h a t  o b t a i n e d  o n  ex- 
t r u s i o n s  i n  p h a s e s  2 and 3 of the  program,  tab le  I V - 1 9 ,  w i l l  
be   p resented   toge ther .  The compos i t ions   i nves t iga t ed   i n   t he  
l a t e r  phases  of  the program tended to  contain lesser amounts 
(v/o)  of  dispersoid,  providing higher  values  of magnetic 
s a t u r a t i o n .  The e f fec t   o f   secondary   working   for  1 4  t o  1 6  
cyc le s  a t  800' t o  1500' F (phase 2 )  on the  coe rc ive  fo rce  o f  
se lec ted  composi t ions  are p r e s e n t e d  l a t e r  i n  t h i s  s e c t i o n .  
a. SATURATION MAGNETIZATION MEASUREMENTS ON H Y D R A U L I C  
EXTRUSIONS  (PHASES 1, 2 ,  AND 3) 
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FIGURE IV-21 .  Photomicrograph of Hydraulic  As-Extruded Rod 
from New England Mater ia ls  Laboratory,  Suppl ier  
Ext rus ion  No. 3 ,  Co+ll.2w/oTh02  (10v/oTh02, 0.01- 
0.06  micron) , Showing D i s t r i b u t i o n  of Thoria  
Particles in   Coba l t   Ma t r ix .  Some of the   Thor i a  
Particles a r e  P r e s e n t  a s  C l u s t e r s  and S t r i n g e r s ,  
Longi tudina l  Sec t ion  Near Front  of Ex t rus ions ,  
l O O O X ,  Light ly  Etched in  Acet ic-Nitr ic-Hydro-  
chloric-Water ( 1 : 1 : 4 : 1  Rat io)  
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FIGURE IV-23. Photomicrograph of Rod Secondary  Worked  at  Room 
Temperature (85% Total  Reduction)  After  Extru- 
sion by Curtiss-Wright Corp., Supplier  Extrusion 
No. 9, Co+2.3w/oTh02  (2v/oTh02, 0.01-0.06 micron), 
Showing  Distribution of Thoria  Particles  in Co- 
balt  Matrix. Longitudinal  Section  Near  Front of 
Extrusion, 1OOOX. Lightly  Etched in Acetic-Nitric- 
Hydrochloric-Water (1:1:4:1 Ratio) 
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The  values of.saturation  magnetic  moment, us, in emu 
per  gram  and  saturation  magnetization, Bs, in  gauss fo r  
the  various  compositions  are  listed  in  table  IV-18  and 
table  IV-19. 'The. Bs, values were  ,calculated  from  the 
equation: BL = 47r6uf - where 6 is 'the density. of the 
material  in  grams  per  cubic m. The  values  for Bs"  
should  be  considered  approximate;-  because the'densTty 
at  room  temperature was used to  calculate  elevated: 
temperature  values of Bs as  well. 'In the  case of the 
cobalt-base  alloys,  the  saturation  values  measured  at 
room  temperature  were  approximately  five  percent  low 
because  it  was  not  possible  to  completely  saturate  the 
specimens  containing  hexagonal  cobalt with the mean 
applied  field of 11,500  oersteds. 
The  dilution  effect  on  saturation  magnetization  by  the 
amount  of  dispersoid  present  in  the  matrix  is  illu- 
strated  for  cobalt-base  alloys  in  figure  IV-24.  Th.e 
decrease  in Bs with  increasing  volume  fraction  of  dis- 
persed  phase  was  linear  at  all  temperatures,  but  the 
absolute  values of Bs for  the  dispersion-strengthened 
materials  tended  to  be  slightly  lower  than  predicted 
from  a  straight  dilution  basis..  Some of this  may  be 
due  to  slight  inaccuracies  in  the  density  values  used. 
The  relationship  between Bs and  volume  precent  disper- 
soid  was  similar  for  dispersion-strengthened  iron+co- 
balt  alloys.  These  data  show  that  the Bs values  at  any 
temperature  for  dispersion-strengthened  compositions 
could  be  predicted  quite  accurately  from  a  knowledge 
of  the  volume  percent  dispersoid  present. 
The  magnetic  saturation of the  cobalt-base  extrusions 
of internally  oxidized  powders  and  composite  powders, 
and  supplier  extrusions  at  all  temperatures, was  higher 
than  that of the  cobalt-base  extrusions of atomized' 
powders  due  to  the  dilution  effect of the  greater 
amount of non-magnetic  dispersed  phase  in  the  latter 
class of materials,  table  IV-18. It may be  seen  that 
the  cobalt-base  extrusions  of  prealloyed  atomized  pow- 
ders in table  IV-18  which  contained  a  minimum of 26v/o 
dispersoid  (table  IV-15)  did  not  quite  meet  the  satur- 
ation  goal,  even  at 1200' F. On the  other  hand,  the 
cobalt-base  extrusions of internally  oxidized  powders, 
composite  powders,  and  the  supplier  extrusion No. 3 
containing  1Ov/o  thoria  did  meet  this  goal  at  all  tem- 
peratures  except  1600O F. The  supplier  extrusion No. 9 
with  2v/o  thoria  met  the  goal  at  all  temperatures. 
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TABLE IV-18. - DC Magnetic  Properties of Hydraulic" 
I 
Powder  or 
Extrusion Nominal  Composition 
No. (weight percent) 
a. Prealloyt 
3 
4 
5 
6 
12 
13 
14 
15 
b. Internally 
8 
9 
17 
18 
c. Compositl 
3 
11 
1 
2 
3 
?d Atomized Powders (Extruded) 
Co+l. OB+2.2Ti 
Co+ l.OB+4.2Zr 
Co+  l.OB+4.2Cb 
Co+ l.OB+8.3Ta 
Fe+26. lCo+l. OB+2.2Ti 
Fe+25.6Co+l.  OB+4.2Zr 
Fe+25.6Co+  l.OBc4.2Cb 
Fe+24.5Co+l. OB+& 3Ta 
f Oxidized Powders (Extruded) 
Coc4.7A1203 
Co+3.6BeO 
Fe+25.6Co+5.  lAl2O3 
Fe+26.OCo+3.9BeO 
e Powders (Extruded) 
Co+ll. 2 T h e  (0.01-0. O ~ P ) ,  
Sherritt Gordon 
(0.01-0.06~),  Vitro Labs 
Chas. Pfizer 
Chas. Pfizer 
Chas. Pfizer 
Chas. Pfizer 
(0.01-0.06~) Chas. Pfizer 
Fe+23.7Co+12. l T h Q  
Co+4.75 A1203 (0.01-0.06~), 
C0+4.75A1203 (0. 1 - 0 . 6 ~ ) ,  
Co+l l .   2The   (0 .01-0 .06~) ,  
C0+ll. 2 T h a   ( 0 . 1 - 0 . 6 ~ ) ,  
Fe+23.  7C0+12.1ThO2 
4 
11 
d. Supplier Extrusions of Dispersion- 
Strengthened Cobalt 
3(d) 
We) 
Co+ll .   2ThQ  (0.01-0.06~ 
1 C0+2. 3Th@ (0.01-0.06~Th@) 9(a)(e) 
C0+2.3The  (0.01-0.06rThQ) 
T h e )  
e. Comparison Alloy 
I Nivco(') 
Coercive Force, 
At Room Temoeratur 
As 
Recvd 
25.0 
48.0 
47. 0 
41.0 
12. 8 
18. 8 
19. 6 
21.0 
44. 5 
56.0 
19. 6 
21.0 
60.0 
13.9 
85.0 
79.0 
76.5 
76. 9 
19.6 
49.0 
68. 0 
14. 0 
11.9 
After 
Testing  at 
1600°F 
27. 0 
53. 0 
45.5 
45.0 
12.1 
17. 6 
19.0 
19.0 
42. 4 
52.  2 
12.4 
15. 3 
58.5 
9. 4 
82.0 
78. 0 
76.0 
73.0 
19.2 
49. 0 
62.0 
71.0 
9. 3 
At 
1200" 
6. 3 
9. 2 
10. 3 
11. 6 
5.5 
8. 4 
8. 7 
10.4 
9. 7 
9.0 
3. 6 
9. 3 
21.5 
5. 3 
10.0 
9.0 
12. 4 
10.5 
9.0 
19. 4 
8. 4 
9. 3 
6. 8 
i At
1400"l 
4. 8 
8. 0 
7. 1 
9. 4 
4. 1 
6. 4 
6. 8 
8. 6 
8.0 
6.4 
1.9 
4. 9 
16. 8 
2.6 
7. 9 
7. 7 
10. 3 
8. 8 
6. 5 
16. 7 
7. 3 
7. 1 
5. 5 
At 
1500"I 
4.0 
5. 8 
5.9 
8. 4 
3. 4 
4.9 
5. 3 
6.2 
7. 1 
5.2 
1. 3 
3. 7 
15. 1 
1. 8 
6. 8 
6. 8 
9.0 
7. 8 
5. 3 
14. 8 
6. 1 
5. 7 
3. 9 
At 
1600'F 
3. 3 
4. 7 
4. 6 
6. 3 
2. 3 
3. 6 
3. 7 
4. 4 
6.1 
4. 4 
13.0 
1.11 
5.91 I 
5.5  
8.2 
6. 
4. 
13. 
5. 
4. 
2. - 
(a) Given  85 Percent cold  reduction by swag@ after hot extrusion. ALI other material in esrude 
(b) Based on measurements of weight in  a i r  and water (ASTM Method B 311-58) and  measurements of 
(c) Measured values are presumably 5 percent too low hecause it was not possible  to  saturate the 
condition. 
weight and dimensions of machined rod specimens. 
specimens at rmm temperature. 
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1 
Extrusions Obtained for  Ini t ia l  Evaluat ion Effor t  (Phase 1) 
Magnetic ! 
Moment, o(emu/gram) 
At 
1200OF 
55. I 
99.9 
101.2 
95. 3 
1 I9  
115 
165 
159 
133 
131 
19 1 
191 
124 
170 
134 
134 
126 
125 
112 
125 
137 
138 
100 
At 
1400°F 
"
89.2 
92.6 
63. 6 
81.5 
156 
152 
152 
1 4 6  
122 
127 
119 
1 I 9  
116 
160 
125 
124, 
117 
116 
161 
1 1 C  
12'1 
128 
75.0 
" 
At 
1500'F 
83.5 
86. 9 
87. 7 
82. 8 
144 
142 
140 
135 
118 
121 
163 
112 
109 
145 
118 
118 
110 
109 
152 
110 
119 
121 
61. I 
At 
1600°F 
17. 4 
80.6 
19. 8 
78. 8 
129 
127 
121 
121 
108 
112 
153 
152 
102 
126 
111 
112 
102 
102 
131 
103 
112 
112 
40.0 
.uration 
Approximate I 
At 
Room 
Temp. 
13. d C )  
14.0(C) 
13. l(C) 
14. 8(c) 
20.9 
20.9 
20. 8 
20.5 
15.6(C) 
15.5(C) 
20.4 
20.4 
15. 9(c) 
20.5 
15. 3(c) 
15. l(C) 
15. I(C1 
15. d c 1  
20. 2 
15. 
11.2k 
11.2k 
13. 4 
B E 
At 
200'F 
9.9 
.O. 6 
.o. 9 
.O. 6 
.I. 3 
,I. 2 
L6. 3 
16.2 
13. 7 
13.9 
17. I 
17.5 
13. 7 
17.0 
13. 8 
13. 8 
13. 9 
13. 8 
11. 3 
13. 6 
15.2 
15. 3 
10. 8 - 
:uration  Magnetization, 
dlogau 
At 
1400°F 
9. 3 
9. 8 
10. 1 
9. I 
15. 1 
15.0 
15. 0 
14. 9 
12.6 
12.9 
10. I 
16. 4 
12.8 
10. 1 
12.9 
12. 8 
12.9 
12. 8 
16. 2 
12.6 
14, 1 
14.2 
8. 1 - 
I - 
At 
1500°F 
8. I 
9. 2 
9.5 
9.2 
13.9 
14.0 
13. 8 
13.8 
12.1 
12. 3 
15. 2 
15.8 
12.1 
14.0 
12.1 
12.1 
12.1 
12.0 
15. 3 
12.0 
13.2 
13.5 
0.7 
- 
At 
000°F 
8.0 
8.5 
8.6 
8. I 
.2.5 
.2.5 
12.5 
12. 4 
L1.1 
11.4 
14. 3 
14.0 
11.2 
12.6 
11.4 
11.5 
11.2 
11.2 
13. I 
11.2 
12.4 
12.5 
4. 3 
8. 20 
8. 43 
8.58 
8. 81 
7. I O  
I. 84 
I. 80 
8. 15 
8. 19 
8.10 
I. 40 
7. 31 
8. I9 
7.99 
8.19 
8. 18 
8.18 
8.79 
I. 99 
8.00 
8.82 
8.85 
8.01 
(d) Extrusion supplied by New  England Materials Laboratory, Inc., Medford, Massachusetts. 
(e) Extrusion supplied by Curtiss-Wright Corp., Metals Processing Division, Buffalo, New York. 
(I) Forged and heat treated Si8 inch diameter rod. Heat treated 1125a25'F for 1 hour, water quenched, 
then air aged  at 1225+5"F for 50  hours. 
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TABLE IV-19. - DC Magnetic  Properties of Hydraulic  Extrusions 
~ .~ ~" ". - " ~~ ~ ~ . . " ~ 
. .  
Coerc ive  Force ,  Hc (oers teds)  
At RoomTem 
Powder  or 
Ext rus ion  1 As Nominal  Composition 
No. (weight   percent)  Received 
b. 
C. 
a .  Preal loyed Atomized Powders  (Extruded)  
30 19. 7 Co+O. 8B+3.2Cb 
5(a)  Co+l.   OB+4.2Cb 
(Extruded)  In te rna l ly   Oxid ized   Powders  
15 .9  Fe+24.  8C0+8.3Zr  19 
18.  8 Fe+25.6Co+l .   OB+4.2Zr 13(a) 
47.0 
9A 1 C0+3 .6Be0  65. 8 
Composi te   Powders   (Ext ruded)  
- ~~ 
C0+4. 5Th02  (0. 01-0. O ~ P ) ,  
Sher r i t t   Gordon 
Sher r i t t   Gordon 
Sher r i t t   Gordon 
Chas .   Pf izer  
Chas .   Pf izer  
Chas .   Pf izer  
Fe+24.   5Co+9.3ThQ  (0 .01-  
0 .06 r ) ,  Chas  P f i ze r  
Fe+23.  7Co+12.  1Th% 
( 0 . 0 1 - 0 . 0 6 ~ )   C h a s .   P f i z e r  
C0+8.   4Th02  (0 .01-0 .06~) ,  
C o + l l .   2 T h Q   ( 0 . 0 1 - 0 . 0 6 ~ ) ~  
c0-+4.   5Th02 (0. O 1 - 0 . 0 6 ~ ) ,  
C0+8.  4Th02  (0.01-0.   O~P),  
Co+l l .   2Th02   (0 .01 -0 .06p) ,  
50.  5 
48 .0  
60 .0  
95 .0  
84.0 
76.  5 
15.  5 
19 .6  
d. Comparison  Alloy I 
1 Nivco(d) 11.5 
lperatur 
After 
rest ing;  
1600°F 
18 .2  
45. 5 
17 .6  
13.  9 
59.5 
45. 8 
43.  8 
58.  5 
73.0 
73.0 
76.0 
15. 1 
19 .2  
9 . 3  
~~ 
At 
1200°F 
4. 1 
1 0 . 3  
8.  4 
7. 1 
8. 7 
13.  3 
20.0 
21.5 
9 . 3  
13 .8  
12 .4  
7 .4  
9 . 0  
6. 8 
At 
1400 "I 
2 . 9  
8 . 0  
6.  4 
4. 5 
7.0 
11 .0  
16.  3 
16.  8 
8 . 0  
1 1 . 5  
10.  3 
5. 8 
6 . 5  
5. 5 
At 
1500°F 
~ 
2.  3 
5 .9  
4. 9 
2 . 9  
6. 3 
9. 5 
15. 2 
15. 1 
7. 1 
LO. 4 
9 . 0  
4. 6 
5.  3 
At 
1600°F 
__- - 
1. 5 
4 .6  
3. 6 
1 . 9  
5. 4 . 
a. 2 
13.0 
13.0 
6. 1 
9 . 1  
8 . 2  
4. 1 
4. 4 
2. 3 ~- 
i )  Obtained for ini t ia l  evaluat ion effor t  (phase 1). Inc luded  for  compar ison  purposes  only .  
1) Based   on   measurements  of weight i n  a i r   a n d   w a t e r  (ASTM Method  B311-58)  and 
m e a s u r e m e n t s  of weight   and  dimensions of mach ined   rod   spec imens .  
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!I btained for Intermediate  and Final  Evaluat ion Efforts (Phases 2 and 3 )  
I Magnetic  Saturation 
Saturation  Magnetic  Moment,  
(emu/gram)  
At 
1200°F 
111 
101.2 
175 
170 
137 
128 
12 8 
124 
134 
12 8 
126 
182 
172 
100 
At 
1400°F 
102 
93. 6 
152 
152 
12 7 
124 
12 1 
116 
12 3 
119 
117 
166 
161 
75 
At 
1500°F 
96.2 
87.7 
142 
141 
12 1 
120 
114 
109 
120 
113 
110 
154 
152 
61. 7 
At 
1600°F 
39. 5 
79. 8 
127 
12 8 
112 
111 
106 
102 
111 
107 
102 
143 
137 
10 
Approximate  Satc 
Magnetization, Ba 
At 
Room 
1200°F Temp. 
At 
14. 6(c) 12.0 
13.  7(C) 10.9 
20.9 
16. 7 20. 1 
17.2 
15.  5(c)  13.9 
17. 3(c) 
17. 3 20.2 
18. 1 21.0 
13.9 15. 7(C) 
14. 1 15.9(C) 
14. 7 16.  4(C) 
13. 7 15.9(C) 
14. 1 16. 5") 
14.0 
13. 4 10.8 
At 
1400"E 
11.0 
io. 1 
15.0 
15.0 
2
13.6 
13. 3 
12. 8 
13. 5 
13. 0 
12.9 
16. 6 
16. 2 
8. 1 - 
US 
Ition 
kiloga 
At 
1500°F 
LO. 4 
9.5 
14.0 
13.9 
12.3 
13. 1 
12.5 
12. 1 
13. 1 
12.4 
12.1 
15.4 
15.3 
6. 7 
r 
Ai 
L600"F 
). 7 
3. 3 
12. 5 
12. 5 
11.4 
12. 1 
11. 6 
11.2 
12.2 
11. 8 
11.2 
14.2 
13. 7 
4. 3 
~ ~~ ~ 
8. 58 
8. 58 
7.84 
7.82 
8. 10 
8. 73 
8. 76 
8.  79 
8.73 
8. 76 
8.78 
7.94 
7.99 
8.61 
(c )  Measured v a l u e s   a r e   p r e s u m a b l y  5 percen t   t oo   l ow  because   i t  was not   possible   to  
(3) Forged  and  hea t  t rea ted  5 /8- inch  d iameter  rod. Heat  t rea ted  1725k25"F f o r  1 hour ,  
saturate t h e   s p e c i m e n s  at r o o m   t e m p e r a t u r e .  
water   quenched,   then air a g e d   a t  1225*5"F f o r  50 hours .  
-.., " 
I 
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0 Room Temperature Data 
0 1200°F Data 
&, 1600°F Data 
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FIGURE IV-24. E f f e c t  of A m o u n t  of.Dispersed Phase i n  C o b a l t   A s -  
E x t r u d e d  R o d  on t h e  S a t u r a t i o n  Magnet iza t ion  a t  
Room T e m p e r a t u r e ,   1 2 0 0 ° F ,  and l G O O O F  
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For  reaching  h igher  levels of s a t u r a t i o n  m a g n e t i z a t i o n ,  
t h e  Fe+Co base  materials appeared more a t t ract ive than  
t h e  Co-base for   fu ture   deve lopment .  A l l  of t h e  Fe+Co- 
base  materials i n  t a b l e  IV-18 m e t  t he  cu r ren t  p rogram 
g o a l  of Bs = 1 2  k i logauss  minimum a t  1200" t o  1600O F, 
whi le  some o f  t h e  c o b a l t - b a s e  a l l o y s  d i d  n o t .  
S i n c e  s a t u r a t i o n  is a s t r u c t u r e  i n s e n s i t i v e  p r o p e r t y ,  
t he  va lues  o f  Bs were no t  i n f luenced  by t h e  p a r t i c l e  
s i z e  of t h e  d i s p e r s e d  p h a s e  or secondary working treat-  
ments. 
b. COERCIVE FORCE  MEASUREMENTS ON HYDRAULIC EXTRU- 
SIONS  (PHASES 1, 2 ,  AND 3 )  
The coe rc ive  fo rce  va lues  o f  a l l  compos i t ions  t e s t ed  
w e r e  less than  25 o e r s t e d s  a t  1200O t o  1600OF and, 
t h e r e f o r e ,  m e t  t h e  t e n t a t i v e  p rogram goa l  i n  tha t  re- 
spec t .   For   each   composi t ion ,   whether   coba l t -base   o r  
i ron+cobal t -base ,  t h e  c o e r c i v e  f o r c e  d e c r e a s e d  a s  t h e  
tempera ture   increased .   This  was  more s t r i k i n g  f o r  t h e  
cobal t -base  ex t rus ions ,  which  conta ined  a mixture  of  
hexagonal  and face centered cubic  forms of  cobal t  i n  
t h e  m a t r i x  a t  room temperature.   Hexagonal  cobalt   has 
h igh  c rys t a l  an i so t ropy  and  magne tos t . r i c t ion  cons t an t s  
r e l a t i v e  t o  t h e  cubic  form,  and t h i s  i n  i t s e l f  would 
c o n t r i b u t e  t o  a h i g h e r  c o e r c i v e  f o r c e  i n  d i s p e r s i o n -  
s t r eng thened  materials. Furthermore,   the   t ransforma- 
t i o n  o f  cubic c o b a l t  t o  h e x a g o n a l  a s  t h e  e x t r u s i o n  
c o o l e d  t o  room temperature  would be expected to  i n -  
d u c e   r e s i d u a l ,   i n t e r n a l  stresses i n  the   mat r ix .   This  
would  promote a still h ighe r  coe rc ive  fo rce ,  cons ide r -  
i n g  t h e  i n t e r a c t i o n  w i t h  t h e  m a g n e t o s t r i c t i o n  c o n s t a n t  
of   the  hexagonal   phase.  A t  1200O t o  1 6 0 0 °  F the  hexa- 
gonal  phase was gone and only t h e  cub ic  form  remained. 
Both anisotropy and magnetostr ic t ion constants  would 
be expected to be much lower a t  1 2 0 0 O  t o  1600O F ,  and 
t h e  c o e r c i v e  f o r c e  of t h e  cobal t -base  materials would 
b e  s h a r p l y  r e d u c e d  r e l a t i v e  t o  room temperature .  
The coe rc ive  fo rce  va lues  a t  room t e m p e r a t u r e  f o r  t h e  
coba l t -base  ex t rus ions  o f  i n t e rna l ly  ox id i zed  powder 
N o .  9 ,  t h e  composite  powders,  and t h e  s u p p l i e r  e x t r u -  
s i o n s  w e r e  h i g h e r  t h a n  f o r  t h e  e x t r u s i o n s  o f  c o b a l t -  
base atomized powders and t h e  Co+4.7w/oA1203 i n t e r n -  
a l ly   ox id i zed   powder ,   t ab l e  IV-18 .  This  was r e l a t e d  
t o  t h e  g r e a t e r  p r o p o r t i o n  o f  h e x a g o n a l  c o b a l t  and 
smaller p ropor t ion   o f   cub ic   coba l t  i n  the  former.   Cold 
working of s u p p l i e r  e x t r u s i o n  N o .  9 f u r t h e r  i n c r e a s e d  
t h e  amount of  hexagonal  cobal t  a t  the  expense  of  cubic  
c o b a l t  a n d ,  t h e r e f o r e ,  i n c r e a s e d  t h e  c o e r c i v e  f o r c e  a t  
room temperature .  
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The measured  e f fec t  o f  the  amount of d i spersed  phase  
on t h e  coe rc ive  fo rce  of c o b a l t - b a s e  e x t r u s i o n s  a t  room 
temperature and 1200O F is i l l u s t r a t e d  i n  f i g u r e  IV-25. 
A t  1200O t o  1600O F, where coba l t  has  t h e  cubic form, 
t h e  c o e r c i v e  f o r c e  i n c r e a s e d  a s  t h e  amount  of  dispersoid 
increased .  However, it should   be   po in ted   ou t   tha t  t h e  
r a t e  of i n c r e a s e  was less f o r  d i s p e r s o i d s  of c o a r s e r  
p a r t i c l e  s i z e .  A t  room temperature   hexagonal   cobal t  i s  
the  s tab le  form,  but  a mixture of hexagonal and face 
centered  cubic  ex is ted  because  t h e  t r ans fo rma t ion  was 
incomplete.  The c o e r c i v e   f o r c e   a t  room temperature  
tended  to  decrease  w i t h  increas ing  amounts  of  d i spersed  
phase  due t o  a simultaneous decrease i n  t h e  r e l a t i v e  
amount of hexagonal cobalt. 
The i ron+27w/o  cobal t -base  ex t rus ions  tended  to  have  
a  lower coercive force at  room and elevated tempera-  
t u re s   t han   t he   coba l t -base .  The i r o n  + cobal t -base  
m a t e r i a l s  had  a  body centered  cubic  mat r ix  a t  a l l  test- 
ing  temperatures .  The c rys t a l   an i so t ropy   cons t an t   o f  
i ron+27w/o  cobal t ,  a l though less  than  tha t  of  cobal t ,  
was t h e  m a j o r  f a c t o r  t o  i n t e r a c t  w i t h  t h e  d i s p e r s o i d  
and in f luence   coe rc ive   fo rce   nea r  room temperature .  A t  
1200 '  t o  1 6 0 0 '  F t he  an i so t ropy  cons t an t  would  be  expec- 
t e d  t o  be much lower  and i t s  i n t e r a c t i o n  w i t h  t h e  d i s -  
pe r so id   wou ld   con t r ibu te   l e s s   t o   coe rc ive   fo rce .  The 
magnetostr ic t ion of  i ron+27w/o cobal t  was e x p e c t e d  t o  
be r e l a t i v e l y  h i g h  a t  room temperature  and decreased at  
1200'  t o  1600O F. However, i n t e r n a l   s t r e s s - m a g n e t o s t r i c -  
t i on  in t e rac t ion  cou ld  have  a s i g n i f i c a n t  e f f e c t  on co- 
e r c i v e   f o r c e   a t  1200O t o  1600 '  F.  L a t e r  i n  t h i s  r e p o r t ,  
s ec t ion  6 .b . ,  an i l l u s t r a t i o n  i s  given  of t h e  s i g n i f i -  
c a n c e  o f  t h e  r e l a t i v e  c o n t r i b u t i o n s  t o  c o e r c i v e  f o r c e  a t  
temperatures  i n  the range from room tempera tu re  to  1600 '  F 
from t h e  d i spe r so id - -c rys t a l  an i so t ropy  cons t an t  i n t e r -  
a c t i o n  and from t h e  i n t e r n a l  s t r e s s - - m a g n e t o s t r i c t i o n  
c o n s t a n t   i n t e r a c t i o n .  T h i s  i s  done  using  one  cobalt-base 
and  one i r o n  +27w/o cobalt-base composition as examples,  
and c a l c u l a t i n g  c o e r c i v e  f o r c e  v a l u e s  f r o m  t h e o r e t i c a i  
equations  and  comparing w i t h  measured  values.  For t h e  
i r o n + c o b a l t - b a s e  m a t e r i a l s  t h e  c o e r c i v e  f o r c e  a t  a l l  
temperatures  increased w i t h  i n c r e a s i n g  volume pe rcen t  
of d i spersed  phase  and  decreas ing  par t ic le  s i z e ,  f i g u r e  
I V - 2 6 .  
The coe rc ive  fo rce  was measured a t  room temperature be- 
f o r e  and a f t e r  hea t ing  spec imens  to  1600O F where they  
were  held  approximately 1 0  minutes.  Changes i n  coer- 
c ive  fo rce  were indicat ive of  changes i n  t h e  g r a i n  
s t r u c t u r e  of t h e  m a t r i x  a t  room tempera ture  as  a r e s u l t  
of   heat ing.  The hot-extruded  composi t ions  containing 
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FIGURE IV-26. Effect of Amount  of  Dispersed  Phase of Two 
Different  Particle  Sizes  (Approximate  Values) 
in  Iron + 27w/o Cobalt  As-Extruded Rod on the 
Coercive  Force  at Room Temperature,  1200°F, 
and  16OOOF 
t h e  larger amounts (v/o) of d i s p e r s o i d  i n  tables IV-18 
a n d  t a b l e  IV-19 tended to  have  the  same g r a i n  s t r u c t u r e  
a f te r  h e a t i n g  as b e f o r e .  I n  t h e  case of t h e  c o b a l t -  
base hot-extruded composi t ions,  many of t h e s e  o r i g i n -  
a l l y  c o n t a i n e d  substant ia l  amounts of hexagonal cobalt 
as a r e s u l t  of coo l ing  from t h e  e x t r u s i o n  t e m p e r a t u r e .  
A f t e r  hea t ing  th rough  the  t r ans fo rma t ion  r ange  t o  1600O F 
i n  t h e  coercive force test and cool ing back t o  room 
tempera ture ,  approximate ly  the  same relative amount of 
hexagonal   cobal t  w a s  p r e s e n t  as o r i g i n a l l y .  The  sup- 
p l i e r  e x t r u s i o n  N o .  9 i n  t h e  cold-swaged condition con- 
t a i n e d   s u b s t a n t i a l l y  a l l  hexagona l   coba l t .   Af t e r   coo l -  
ing from 1600O F t o  room t empera tu re ,  t he  amount  of  hexa- 
gona l  coba l t  w a s  reduced, as i n d i c a t e d  by t h e  d e c r e a s e  
i n  c o e r c i v e  f o r c e  from 1 1 4  t o  71  oe r s t eds .  
c. COERCIVE  FORCE MEASUREMENTS ON DYNAPAK EXTRUSIONS 
(PHASE 1) 
The coe rc ive  fo rce  va lues  de t e rmined  a t  room tempera- 
t u r e  on the  Dynapak e x t r u s i o n s  a r e  p r e s e n t e d  i n  t a b l e  
IV-20 and may be compared w i t h  t h o s e  f o r  t h e  h y d r a u l i c  
e x t r u s i o n s .  The Co+l.Ow/oB+4.2w/oZr  Dynapak e x t r u s i o n  
had a much lower  coerc ive  force  than  t h e  hydraul ic  ex-  
t r u s i o n ,  p r o b a b l y  b e c a u s e  t h e  Dynapak e x t r u s i o n  con- 
t a i n e d  a much lower  r a t io  o f  hexagona l  t o  cub ic  coba l t  
than   d id  t h e  h y d r a u l i c   e x t r u s i o n .  T h i s  r e su l t ed  from 
t h e  f a c t  t h a t  i n  t h e  Dynapak process  t h e  e x t r u s i o n  was 
cooled  through t h e  t ransformat ion   tempera ture  (783O F 
f rom face  centered  cubic  to  hexagonal  on  cool ing)  to  
room temperature  more r a p i d l y  t h a n  i n  the h y d r a u l i c  
process .  A l s o ,  t h e  f i n e r  d i s p e r s o i d   i n  t h e  Dynapak ex- 
t r u s i o n s  would  tend t o  r e t a r d  t h e  t r a n s f o r m a t i o n .  The 
two i ron+cohal t -base  Dynapak e x t r u s i o n s  h a d  s l i g h t l y  
h igher  va lues  of coe rc ive  fo rce  than  t he i r  h y d r a u l i c  
e x t r u s i o n   c o u n t e r p a r t s .  The d i s p e r s o i d   a n d   r e c r y s t a l -  
l i z e d  gra in  s i z e  w a s  f i n e r  i n  t h e  Dynapak e x t r u s i o n s ,  
a c c o u n t i n g   f o r   t h e i r   h i g h e r   c o e r c i v e   f o r c e .  The one 
i ron+cobal t -base  Dynapak e x t r u s i o n  g i v e n  a 65 p e r c e n t  
co ld  r educ t ion  by swaging exhibi ted a l a r g e  i n c r e a s e  
i n  c o e r c i v e  f o r c e  d u e  t o  i n t e r n a l  stress. 
Coercive f o r c e  v a l u e s  o f  t h e  Dynapak e x t r u s i o n s  were 
not   determined a t  1200O t o  1600O F. I t  would  be  expec- 
t e d  t h a t  t h e  c o e r c i v e  f o r c e  i n  t h e  1200O t o  1600O F 
range would be s u b s t a n t i a l l y  l o w e r  t h a n  a t  room t e m -  
pe ra tu re  in  acco rdance  wi th  t h e  t r end  r epor t ed  p re -  
v i o u s l y  f o r  t h e  h y d r a u l i c  e x t r u s i o n s .  
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TABLE IV-20. Comparison  of Room Temperature Coercive Force 
Values of  Extrusions Made wi th  a Conventional 
Hydraul ic  Press  and Dynapak 
I I 
No. I (weight  percent)?owder or Extrusion  Nominal  Comp sitionBillet  Preheat Extrusion 
I. Prealloyed 
4 
4 
13  
13 
13 
14 
14 
Atomized  Powders 
C w l .  OB+4.2Zr 
15 min. at 160( Dynapak Fec25.6Cwl.  0&4.2Cb 
1 hr. at 2000 Hydraulic Fe+25.6Co+l.  OB+4.2Cb 
" C. W. 65%(a) F e 2 5 . 6 C w l .  OB+4.2Zr 
15 min. at 16Ol Dynapak Fe+25.6Cwl.  OBt-4.2Zr 
1 hr. at 2000 Hydraulic Fe+25.6Co+l.  OB+4.2Zr 
15 min. at 1601 Dynapak C w l .  OEh4.2Zr 
1 hr. at 2000 Hydraulic 
I 
Amount of 
Dispersed 
(percent 
Phase 
by  volume) 
26 
26 
20 
20 
20 
20 
20 
__ "" 
Effective 
Spacing Par t ic le  
(microns)  (microns) 
Inter- Size of 
particle Dispersed 
Average 
Average 
1 .0  
2. 4 0. 6 
3. 1 0.0  
2.0 0. 5 
2.0 0. 5 
3.6 0.9 
2.0 0. I 
2 . 7  
a) Dynapak  extrusion  was  given a 65%  reduction  in  area by  swaging  at  room  temperature  after  extrusion. 
Force,  €IC 
Coercive 
rempera ture  
at Room 
(oersteds) 
40.0 
25. 7 
18.8 
24. 5 
57.3 
19.6 
23. 3 
d. CORRELATION O F  COERCIVE FORCE. WITH DISPERSOID 
PARAMETERS FOR EXTRUSIONS (PHASES 1, 2 ,  AND 3 )  
The c o e r c i v e  f o r c e  a t  1200O F and  1600" F f o r  c o b a l t - b a s e  
a l l o y s  c o n t a i n i n g  a c o n s t a n t  amount o f  d i s p e r s o i d  (10  
v/o as an  example) i s  p l o t t e d  a g a i n s t  t h e  e f f e c t i v e  
p a r t i c l e  s i z e  o f  t h e  d i s p e r s e d  p h a s e  i n  f i g u r e  I V - 2 7 .  
(The compos i t ions  in  f igu re  I V - 2 7  a r e  i d e n t i f i e d  by 
le t te rs  and  numbers d e s i g n a t i n g  powder o r  e x t r u s i o n  
t y p e s  l i s t e d  i n  t a b l e  I V - 2 1  and  preceding  tab les . )  
Figure IV-27  shows t h e  c o e r c i v e  f o r c e  i n c r e a s e d  w i t h  
d e c r e a s i n g  p a r t i c l e  s i z e ,  reaching  a maximum a t  0 . 1  
microns ,  the  smallest e f f e c t i v e  a v e r a g e  p a r t i c l e  s i z e  
ob ta ined   in   th i s   p rogram.   This  may be   t en t a t ive ly   ex -  
p l a ined  on t h e  b a s i s  t h a t  t h e  0 . 1  m i c r o n  p a r t i c l e s  were 
approximate ly  the  same s i z e  a s  t h e  t h i c k n e s s  o f  t h e  
magnetic domain wal ls .  Thus they w e r e  more e f f e c t i v e  
in  p romot ing  s t i ck ing  and  r e t a rd ing  domain w a l l  move- 
ment ( r e f .  I V - 6 2  t o  I V - 6 5 ) .  The coerc ive   force   would  
be  expec ted  to  reach  a maximum when t h e  p a r t i c l e  s i z e  
of t h e  d i s p e r s o i d  was t h e  same a s  t h e  t h i c k n e s s  o f  t h e  
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1 1 
OHc a t  1200°F 
A HP a t  1 6 O O O F  - I 
See TABLE IV-21 for powder numbers I 
0.0 0 . 2  0.4 0.6  0.8 
EFFECTIVE AVERAGE PARTICLE  S IZE  OF   DISPERSOID,  d (MICRONS) 
FIGURE IV-27.  E f f e c t  of Par t ic le  S i z e  of D i s p e r s o i d  i n  C o b a l t  
+ 1 0  v/o D i s p e r s o i d   ( n o m i n a l )  Ext rus ions  on the 
C o e r c i v e  Force a t  1200OF and 1600OF 
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TABLE IV-21. Legend  of Powder o r  Ext rus ion  Composition Number 
f o r  F i g u r e s  IV-27,  IV-28,  IV-29, and IV-32 
- 
SJrmbOl 
a.3 
a .4  
a .5  
0 6  
a. 12 
a. 13 
a. 14 
a. 15 
a. 19 
a. 30 
Symbol 
b. 8 
b. 9 
b. 17 
b. 18 - 
Atomized Powders 
Prealloyed 
C w l .  OB+& 2Ti 
Co+l. OB+4.2 Zr 
Cwl. OB+4.2Cb 
Ccnl. OB+& 3Ta 
Fe+26.1Co+l. OB+2.2Ti 
Fe+25.6Co+l. OB+4.2Zr 
Fe+25.6Co+l. O b 4  2Cb 
Fe+24.5Co+l. OB+& 3Ta 
Fe+24.8Co+8.3Zr 
Co+O. 0B+3.2Cb 
Internally 
Oxidized Powders 
Co+4.7A1203 
Cet3.6Be0 
Fe+25.6C0+5.1A1203 
Volume 
Percent 
Dispersoid 
32 
26 
27 
27 
20 
20 
20 
21 
6.4 
20 
Volume 
Percent 
Dispersoid 
9. 8 
8. 3 
8. 4 
9.6 
Symbol 
c.  3-SG 
c. 1 
c. 2 
c. 3-P 
c. 4 
c. 11-P 
c. 11-v 
C. 13-SC 
C. 14-SC 
C. 13-P 
C. 14- P 
c. 15 
Symbol 
d. 3 
d. 9 
Composite Powders 
C w l l .  2Th@  (0.01-0. 0 6 ~ 1 ) ~  
Sherritt Gordon 
C~n4.75AI203 (0.01-0.06 L I ) ~  
Chas. Pfiaer 
Cw4. 75Al203 (0.1-0.6~1)~ 
Chas. Pfizer 
Co+ll. 2Th% (0.01-0.06 p)# 
Chas. Pfizer 
Cwll.   ZThQ (0.1-0. 6 ~ 1 ,  
Chas. Pfizer 
Fe+23.7Co+12. l T h q  
(0.01-0.06 u), Chas. Pfizer 
Fe+23.7Co+12.lTh~ 
(0.01-0.06 u), Vitro Labs 
C0+4.5Th@ (0.01-0.06 u), 
Sherritt Gordon 
Cw8. 4ThQ (0.01-0.06 LI), 
Sherritt Gordon 
C0+4. 5ThQ (0.01-0.06 p), 
Chas. Pfizer 
C W ~ .  4ThQ (0.01-0.06 u), 
Chas. Pfizer 
Fe+24.5Co+9.3Th@ 
(0.01-0.06 u), Chas. Pfizer 
L 
Volume 
Percent 
Supplier Extrusions Dispersoid 
Nem - Lab 
Cw2.  3 T h e  (0.01-0. O ~ U ) ,  
Curtiss Wright 
Volume 
Percent 
Dispersoid 
10 
10 
10 
10 
10 
10 
10 
4 
7.5 
4 
7.5 
7.5 
1.8 
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domain w a l l s .  With p a r t i c l e s  e i t h e r  c o a r s e r  o r  f i n e r  
t han  the  cr i t ical  s i z e ,  t h e  coercive force would de- 
crease. 
The d i s p e r s e d  p a r t i c l e s  i n  t h e  iron+27w/o cobalt-base 
a l l o y s  w e r e  n o t  as f ine (0.3 microns minimum) as i n  
the   cobal t -base  ( 0 . 1  microns minimum). However, i n  
t h e  p a r t i c l e  s i z e  r a n g e  o b t a i n e d  i n  t h e  i r o n + c o b a l t  
a l l o y s . t h e r e  w a s  also a g e n e r a l  i n c r e a s e  i n  coercive 
force a s  t h e  d i s p e r s o i d  became f i n e r ,  when compared on 
t h e  b a s i s  o f  a c o n s t a n t  volume percent  of  d i sperso id .  
For t h e  d i s p e r s e d  p a r t i c l e  s i z e s  i n v e s t i g a t e d  i n  t h i s  
program, there was good co r re l a t ion  be tween  coercive 
f o r c e  a t  a constant  loading (constant  v/o)  and the in-  
ve r se  of t he  e f f e c t i v e  a v e r a g e  p a r t i c l e  s i z e  ( l / d )  f o r  
c o b a l t - b a s e  a l l o y s  a t  1200O t o  1600O F where the cubic  
form exis ted (no hexagonal  cobal t ) ,  and for i ron+cobal t -  
base  a l loys  a t  room temperature and 1200O t o  1600O F. 
Examples of t h i s  a r e  shown i n  f i g u r e  IV-28 f o r  c o b a l t +  
lOv/o d i s p e r s o i d  e x t r u s i o n s ,  and i n  f i g u r e  IV-29 f o r  
(iron+27w/ocobalt)+2Ov/o d i s p e r s o i d  e x t r u s i o n s .  
The volume p e r c e n t  d i s p e r s o i d  ( V I ,  a s  w e l l  as the par- 
t ic le  s i z e  (a ) ,  was next  cons idered  as  a va r i ab le  and  
i n c o r p o r a t e d   i n t o  a d i sperso id   parameter  ( V / d ) .  A l l  
coerc ive  force  va lues  measured  a t  1200'  and 1600O F f o r  
t he  coba l t -base  ex t rus ions ,  and those  measu red  a t  room 
temperature ,  1200O F, and 1600O F f o r  t he  i ron+cobal t -  
b a s e  e x t r u s i o n s  a r e  p l o t t e d  i n  f i g u r e s  IV-30 and IV-31. 
There was good c o r r e l a t i o n  between coe rc ive  fo rce  and 
t h e  d i s p e r s o i d  p a r a m e t e r  a t  these t empera tu re  l eve l s  
and a t  o t h e r s  i n  t h e  1200O t o  1600O F range. 
According t o  t h e  theory  of Kersten (ref.  I V - 6 6 ) ,  t h e  
v2/ 3 
coerc ive  force  should  be p r o p o r t i o n a l  t o  -fo r  sphe r -  d 
i ca l  p a r t i c l e s ,  where d is  much g r e a t e r  t h a n  t h e  do- 
main wall t h i ckness .  On t he   o the r   hand ,  N Q e l  ( r e f .  I V -  
6 6 )  p r e d i c t e d  t h a t  c o e r c i v e  f o r c e  s h o u l d  b e  d i r e c t l y  
p ropor t iona l  t o  t h e  volume p e r c e n t   d i s p e r s o i d  ( V ) .  For 
t h e  d i s p e r s o i d  p a r t i c l e  s i z e  r a n g e  i n v e s t i g a t e d  i n  t h i s  
program, which tended t o  be  g rea t e r  t han  t h e  expected 
domain wa l l  t h i ckness ,  t h e  coe rc ive  fo rce  was found t o  
b e  d i r e c t l y  p r o p o r t i o n a l  t o  V, and  more c l o s e l y  r e l a t e d  
V v2/3 
to z than to - d o  
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Figure IV-28. Coercive  Force a t  1200OF and 1600OF of Cobal t  
+ 1 0  v/o Dispersoid  (nominal)   Extrusions as a 
Function of t h e  I n v e r s e  of t h e  Par t ic le  S i z e  of 
Disperso id  
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0 H, at  Room  Temperature 
f3 H, at 120O0F 
22 A Hc  at  1600OF 
See TABLE IV-21 for I I I I 
0 0.5 1.0 
1 
1 . 5  2 .0  
1 /  1 \ 
FFZTTVX A V E R A ~ E  PARTICLE SIZE OF DISPERSOID’ \MICRONS) 
FIGURE IV-29. Coercive  Force at Room Temperature,  1200OF and 
1600OF of Iron + 27 w / o  Cobalt  Extrusions  with 
20 v/o Dispersoid  (nominal) as a  Function of the 
Inverse of the  Particle  Size of Dispersoid 
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FIGUFIE IV-30. C o e r c i v e  Force a t  1200OF and 1600OF of C o b a l t -  
B a s e  Hydraul ic  E x t r u s i o n s  as  a Func t ion  of t h e  
D i s p e r s o i d  Parameter,a V 
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U 
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VOLUME PERCENT  DISPERSOID 
EFFECTIVE AVERAGE PARTICLE  SIZE  OF  DISPERSOID'  
F I G U R E   I V - 3 1 .   C o e r c i v e  Force a t  Room Temperature, 1200°F ,  
and 1600OF of I r o n  + 27w/o C o b a l t  E x t r u s i o n s  
as a Function of the  D i s p e r s o i d  Parameter, V a 
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e. COERCIVE FORCE  MEASUREMENTS ON PRELIMINARY SECOND- 
ARY WORKED (PHASE 2 )  HYDRAULIC  EXTRUSIONS 
During the second phase of  the program exploratory sec- 
ondary working treatments were a p p l i e d  t o  s e l e c t e d  com- 
pos i t i ona l  sys t ems  a t  1500O F and la ter  a t  lower temper- 
a t u r e s .  Each cycle   of   secondary  working  consis ted of 
one pass of 1 0  percent  reduct ion by swaging fol lowed 
by a 1 0  minute  anneal a t  the   swaging   tempera ture .   In i -  
t i a l l y  1 4  cyc le s  were a p p l i e d  a t  1500O F i n  a four -d ie  
swaging  machine. When two smaller d i e s  l a t e r  became 
a v a i l a b l e  f o r  t h i s  machine, 1 6  c y c l e s  were appl ied .  
Coerc ive  force  was a f f e c t e d  by secondary working as 
expec ted ,   t ab l e  IV-22.  However, i n  no case   d id   coe r -  
cive force  reach  25 o e r s t e d s  a t  1200 '  t o  1600O F. A f t e r  
1 4 - 1 6  c y c l e s ,  t h e  Co+Boride  atomized  powder  composi- 
t i o n s  Nos. 30 and 5 had much h igher  va lues  of  coerc ive  
f o r c e  a t  1200 '  t o  1600 '  F. On t h e  o the r   hand ,   t he  Co+ 
Tho2 composite powder e x t r u s i o n s  showed a smaller b u t  
s i g n i f i c a n t   c h a n g e ,   f i g u r e  IV-32. I t  w a s  a l s o   e s t a b -  
l i s h e d  t h a t  t h e  m a t r i x  s t r u c t u r a l  c h a n g e s  i n  i r o n + 2 7  
w/o cobalt-base compositions were s t r o n g l y  r e f l e c t e d  
i n  coercivi ty   measurements .   These  observat ions were 
e x p l o i t e d  i n  t h e  f i n a l  p h a s e  ( p h a s e  3 )  of  the  program 
where measurements of coe rc ive  fo rce  were employed i n  
a c a l i b r a t i o n  s t u d y  of secondary working and proof 
t e s t i n g  o f  t h e  t h e r m a l  s t a b i l i t y  o f  t h e  m a t r i x  g r a i n  
s t r u c t u r e .  These w i l l  be   p re sen ted   and   d i scussed   i n  
l a t e r  s e c t i o n s  o f  . t h i s  r e p o r t .  
4 .  T e n s i l e   P r o p e r t i e s  of Hot-Extruded  (Phases 1-, 2 ,  and 3 )  
and  Preliminary  Secondary ~ " " Worked (Phase " "2 )  Compositions 
The l o n g i t u d i n a l  t e n s i l e  p r o p e r t i e s  of extrusions and secon-  
dary worked rod were determined a t  room t empera tu re  and  in  
vacuum a t  1 2 0 0 '  and 1600' F a f t e r  a g i n g  100 h o u r s  i n  vacuum 
a t  t h e  e l e v a t e d  t e s t  temperature .  An aging  t rea tment  w a s  
a p p l i e d  b e f o r e  t e s t i n g  i n  o r d e r  t o  s t a b i l i z e  t h e  d i s p e r s o i d  
and  mat r ix  s t ruc ture .  I t  was dec ided  to  use  an  ag ing  per iod  
of 1 0 0  h o u r s  a t  t h e  same temperature  as t h e  t e s t  temperature  
f o r  a l l  cobalt-base and iron+27w/o cobalt-base compositions 
i n  o r d e r  t o  p r o v i d e  a common b a s i s  f o r  c o m p a r i s o n  i n  t h e  i n -  
i t i a l  and intermediate   port ions  of   this   program. The t r a n s -  
fo rma t ion  in  Fe+27w/o cobal t -base  a l loys  a t  1770 '  F restricted 
the  poss ib l e  ag ing  t empera tu re  to  someth ing  be low th i s .  
a. TENSILE PROPERTIES OF HYDRAULIC EXTRUSIONS 
(PHASE 1) 
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TABLE IV-22. Coercive  Force of Hydraulic  Extrusions  Secondary Worked 14 
t o  1 6  Cycles a t  1500' F t o  1000 '  F 
Povder or 
Extrusion No. 
Nominal  Composition 
(weight percent) 
a. Prealloyed Atomized Powders 
30 
Co+O. 8B+3.2Cb 30 
Coco.  8B+3.2Cb 
Cocl. OB+4.2Cb 5 
Co+l.  OB4.2Cb 5 
13 
Fe+25.6Co+l.  OBt4.2Zr 13 
Fe+25.6Co+l.OBt4.2Zr 
Fe+25.6Co+l.  OBc4.2Zr 13 
Fe+25.6Co+l.  OBc4.2Zr 13 
19 Fe+24.8Co+8.3Zr 
19 Fe+24.8Co+8.3Zr 
c. Composite  Powders 
13 
C0t4. 5The(O.01-0.06, ), 13 
C0+4 .5Th~(0 .01 -0 .06~  ), 
C0+4.5Th@(0.01-0.06~ ), 13 
Sherritt Gordon 
Sherritt Gordon 
Sherritt Gordon 
14 
C0+8.4ThO~(O.01-0.06~), 14 
CO+~.  4Th02(0.01-0.06p ), 
Coca. 4Th@(O. 01-0.06~ ), 14 
Sherritt Gordon 
Sherritt Gordon 
Sherritt Gordon 
I 3 Cocll.  2Tho~(o.o1-o.o6u ),3 Cocll.  2Th02(0.01-0.06~ ),Sherritt Gordon . Sherritt Gordon 
mount of 
lispersed 
Phase 
y  volume) 
(percent 
20 
20 
27 
27 
20 
20 
20 
20 
.4(Zr02) 
.4(ZrO2) 
4 
4 
4 
I. 5 
7.5 
7 . 5  
10 
10 L 
- 
Average 
Iispersec 
Size of 
Particles 
microns) 
0.17 
0. I1 
0.75 
0.75 
0.90 
0.90 
0.90 
0.90 
0 . 3  
0.3 
0.1 
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0.1 
0.1 
I 
L 
(a) Each cycle of secondary working consisted of approximately a 1 
swagiw temperature. 
- 
Average 
Inter- 
particle 
nicrons] 
Spacing 
3 . 1  
3.1 
2.0 
2.0 
3.6 
3.6 
3.6 
3.6 
3.0 
3.0 
2.4 
2 .4  
2 .4  
1 .2  
1 .2  
1.2 
0. e 
0. e 
3- 
Secondi 
SecondarJ 
Working 
Temp. 
(OF) 
None 
1000 
None 
1500 
None 
1500 
1000 
800 
None 
1000 
None 
1500 
1000 
None 
1500 
1250 
None 
1500 
econclary 
Working 
Cycles 
(No. 1 
0 
16 
0 
14 
0 
14 
10 
14 
0 
16 
0 
14 
10 
0 
14 
16 
0 
14 
1- 
Atm 
A8 
leceived 
19. I 
21.0 
41.0 
21.5 
18.8 
10.0 
28.5 
44.0 
31.1 
15.9 
50.5 
45.5 
31.8 
48.0 
43.8 
38.0 
00. 0 
40.2 
Coercive 
Temp. 
After 
'eating a t  
1600°F 
- 
18.2 
11.5 
45.5 
21.0 
11.6 
10.0 
18.3 
11.3 
21.0 
13.9 
45.8 
41.5 
31.0 
43.8 
40.2 
31.5 
58.5 
40.4 
At 
1200'F - 
10.8 
4.1 
10.3 
10.3 
8.4 
0.3 
15.5 
12.0 
12.5 
7 .1  
13.3 
10.0 
13.2 
20.0 
23.4 
21.5 
21.5 
21.8 - 
percent  reduction in area followed by a l0-minutr anneal at the 
( w r n  -
400°F 
At 
-
2.9 
I. 8 
8.0 
15.1 
0.4 
3.8 
0.0 
5.0 
4.5 
8. I 
11.0 
12. I 
11.4 
16.3 
19.2 
18.4 
10.8 
17.3 - 
Ir) 
At 
500'F - 
2.3 
0 . 1  
.3.0 
5. e 
4. e 
4.5 
4.2 
2.9 
7 . 1  
"_ 
e. 5 
11.5 
9.0 
15.2 
10.9 
15.0 
15.1 
16.5 - 
- 
At 
BOOOF -
1.5 
4.5 
4.0 
e. 9 
3.0 
3.5 
3.2 
1. e 
0.0 
"- 
8. a 
e. 3 
8.4 
13.0 
14.4 
13.5 
IS. 0 
13.4 -
TABLE IV-22.  Coercive Force of Hydraulic  Extrusions  Secondary Worked 14 
t o  1 6  Cycles a t  1500'  F to 1 0 0 0 '  F (continued) 
Powder or  Nominal  Composition 
c. Composite  Powders  (Continued) 
3 
3 
3 
15 
15 
11 
11 
Cotl l .   2Th02(0.01-0.06~ ),
Chas. Pfizer 
Cot11.2Th02(0.01-0.06" 1, 
Chas. Pfizer 
Co t11 .2Th0~(0 .01 -0 .06~  ), 
Chas. Pfizer 
Fet24.5Cot9.3Th02(0.01-0. Mu ), 
Chas. Pfizer 
Fet24.5C0+9.3Th0~(0.01-0.06~ ), 
Chas. Pfizer 
Fe+23.7Cot12.1Th0~(0.01-0.06~ ) 
Chas. Pfizer 
Fe+23.7Cot12.  lTh02(0.01-0.06~ )
Chas. Pfizer 
10 
10 
10 
7.5 
7 .5  
10 
10 
0 . 2  
0.2 
0.2 
0 . 3  
0 .3  
0 .3  
0 .3  
r 
I 
1.8 
1 . 8  
1.8 
3 . 7  
3.7 
2.7 
2.7 
Second= 
Secondary 
Working 
Temp. 
("F) 
 
None 
1500 
1250 
None 
1000 
None 
1500 
Workb)  
Secondaq 
Working 
Cycles 
(No. ) 
0 
14 
16 
0 
16 
0 
14 
r 
f Coercivl At Room  Temp. 
As 
Fteceivel 
76.5 
70.0 
37.5 
15.5 
25.5 
19.6 
24.0 
After 
resting  at 
1600°F 
76.0 
67.3 
41.7 
15.1 
20.0 
19.2 
23.4 
?orce, - 
At 
1200°F -
12.4 
13.7 
16.5 
7. 4 
12 .1  
9 .0  
13.5 
7 
(a) Each cycle of secondary working consisted of approximately a 10-percent reduction i n  area followed by a 10-minute anneal at the 
swaging  temperature. 
2 (oer, -
1400"l 
At 
-
10.3 
11.8 
13.8 
5.8 
9.0 
6.5  
10.8 - 
- eds) 
1500"I 
At 
-
B. 0 
10.5 
12.0 
4.6 
7.5 
5.3 
9.4 - 
L6OO"I 
At 
-
8.2 
9 . 1  
10.2 
4. 1 
6 . 4  
4.4 
8.0 - 
30 0 Hot-Extruded 
ASecondary  Worked a t  150O0F n Secondary Worked a t  1250OF 
( 1 3  Secondary Worked a t  lOOOOF 
I 
See TABLE I V - 2 1  f o r  powder numbers 
- - . -. . . . . - -. 
Worked 1 4  to 16 Cycles  
a t  1500OF to  lOOOOF I 
W 
c. a 
0 
hl 
H 
U a 
0 
W 
u 
NOTE: Each  cycle  of secondary  working  consis ted 
of approximately a 10-percent  reduct ion  
i n  area followed by a 10-minute anneal a t  
the swaging temperature .  
FIGURE IV-32 .  Coercive  Force a t  1400O F of Cobalt + Thoria 
Alloys i n  the As-Extruded and Secondary Worked 
Conditions.  Comparative  data shown f o r  two 
I ron  + 27w/o Cobal t  Alloys,  Nos. c.11 and c.15. 
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The tensile p r o p e r t i e s  of hydraul ic  as -ex t ruded  rod  a t  
room and e leva ted  test temperatures  are l i s t e d  i n  t a b l e  
IV-23 f o r  c o m p o s i t i o n s  o b t a i n e d  f o r  t h e  i n i t i a l  e v a l u -  
a t i o n  e f fo r t  (phase 1). The p r o p e r t i e s   o f  Nivco a l l o y  
and DuPont's TD Nickel  are g iven  a t  the  bot tom of t a b l e  
IV-23 for comparison. The tensile d a t a  for Nivco   a l loy  
5/8- inch diameter  forged and heat  t reated bar  w e r e  ob- 
ta ined on specimens of  the same s i z e  as f o r  t h e  e x p e r i -  
mental   compositions.  The d a t a  f o r  TD N icke l  ba r  were 
obtained from ref. IV-37. 
The cobal t -base  a l loys  wi th  boron  addi t ions  made from 
preal loyed atomized powder Nos. 3 t o  6 ,  . ,containing 26  
t o  32 v/o d ispersed  phase ,  and  the  i ron+cobal t -base  
a l l o y s  made from  atomized  powder Nos. 1 2  t o  1 5 ,  con- 
t a i n i n g  20  and 2 1  v/o d i spe r so id ,  t ended  to  have  the  
h i g h e s t  s t r e n g t h  a t  room temperature  in  comparison with 
the  o ther  composi t ions  made by other methods and con- 
t a i n i n g  lesser amounts of dispersoid.  
A t  1 2 0 0 '  F t h e  same a l l o y s ,  Nos. 3 t o  6 and 1 2  t o  1 5 ,  
t e n d e d  t o  r e t a i n  t h e i r  s t r e n g t h  a d v a n t a g e ,  a l t h o u g h  
t h e i r  y i e l d  s t r e n g t h  l e v e l s  were approached by some 
of  the  ex t rus ions  of  in te rna l ly  oxid ized  and  composi te  
powders. The t e n s i l e   e l o n g a t i o n  and r educ t ion   o f   a r ea  
values  were h igh  fo r  ex t rus ions  o f  p rea l loyed  a tomized  
powders.  This w a s  r e l a t e d  t o  t h e  r a t h e r  c o a r s e  a v e r a g e  
p a r t i c l e  s i z e  (0.73 t o  1 . 6  microns)   and  large  average 
i n t e r p a r t i c l e  s p a c i n g  (2 .0  t o  6 .4  mic rons )  o f  t he  d i s -  
persed  phase ,  t ab le  I V - 1 5 .  
The t e n s i l e  tests a t  1600 '  F r e v e a l e d  t h e  Co+l.Ow/oB+ 
4.2w/oCb al loy extruded from preal loyed atomized pow- 
d e r  No. 5 h a d  t h e  h i g h e s t  u l t i m a t e  s t r e n g t h  ( 4 1 , 1 0 0  
p s i )  a n d  h i g h e s t  y i e l d  s t r e n g t h  ( 2 2 , 6 0 0  p s i )  combined 
wi th  h igh  e longat ion  ( 6 6 % )  and  r educ t ion  in  area ( 6 1 % ) .  
The ex t rus ions  o f  powders made by other methods con- 
t a i n i n g  d i s p e r s i o n s  o f  t h o r i a  and alumina tended t o  
have lower values  of  e longat ion and reduct ion in  area 
a t  a l l  test  temperatures  than the preal loyed atomized 
powder p roduc t s .   I n   t h i s   r e spec t ,   t he   ox ide - s t r eng-  
thened extrusions behaved more l i k e  conven t iona l  d i s -  
pers ion-strengthened material. F r a c t u r e   o f   t h e  tes t  
specimens occurred in  some ins t ances  be fo re  r each ing  
t h e  y i e l d  s t r e n g t h  a t  0 . 2 %  o f f s e t ,  and t h e  measured 
e longa t ion  was approximately  zero.  Some o f   t hese  mate- 
r i a l s  would  be  expec ted  to  be  notch  sens i t ive .  
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The s u p p l i e r  e x t r u s i o n  N o .  3, C0+ll.2w/0Th02 ( 9 . 3 ~ 1 0  
Tho21 had low s t r e n g t h  a t  1200O and 1600O F i n  s p i t e  
of a r e l a t i v e l y  f i n e ,  uniform d i s p e r s i o n  of Tho2. This  
W a s  b e l i e v e d  t o  be r e l a t e d  t o  the high oxygen content  
(oo21W/0 o t h e r  t h a n  as Tho2)  and t h e  h i g h  s u l p h u r  con- 
t e n t  (0.028 W/O) . 
The effect o f  i n c r e a s i n g  t h e  amount of d i s p e r s o i d  on 
t h e  y i e l d  s t r e n g t h  of cobalt-base e x t r u s i o n s  a t  12000 F 
and 1600O F is i l l u s t r a t e d  i n  f i g u r e  IV-33. There w a s  
a general  tendency for s t r e n g t h  t o  i n c r e a s e  w i t h  i n -  
c r e a s i n g  volume pe rcen t   o f   d i spe r sed   phase .   ( In   t h i s  
type  of p l o t  t h e  i n f l u e n c e  of t h e  s i z e  of t h e  d i s p e r s e d  
p a r t i c l e s  and t h e i r  i n t e r p a r t i c l e  s p a c i n g  h a v e  b e e n  
neglec ted .  ) 
Decreas ing  the  average  d is tance  be tween d ispersed  par -  
t i c les  i n  t h e  m a t r i x  t e n d e d  t o  raise t h e  y i e l d  s t r e n g t h s  
o f  e x t r u s i o n s  a t  1200O and 1600O F ,  as shown i n  f i g u r e  
IV-34. T h i s   d e c r e a s e   i n   a v e r a g e   i n t e r p a r t i c l e   s p a c i n g  
was achieved by d e c r e a s i n g  t h e  p a r t i c l e  s i z e  f o r  a 
given volume pe rcen t  of d i s p e r s o i d ,  o r  by i n c r e a s i n g  
t h e  volume p e r c e n t  d i s p e r s o i d  w h i l e  h o l d i n g  t h e  p a r -  
t i c l e  s i z e  c o n s t a n t .  
b.  TENSILE PROPERTIES O F  DYNAPAK EXTRUSIONS (PHASE 1) 
A comparison of t h e  t e n s i l e  p r o p e r t i e s  o f  e x t r u s i o n s  
made wi th  a hydrau l i c  p re s s  and  Dynapak, t a b l e  I V - 2 4 ,  
showed tha t  t he  one  coba l t -base  and  two  iron+27w/o  co- 
balt-base compositions of prealloyed atomized powders 
had s i g n i f i c a n t l y  h i g h e r  s t r e n g t h s  a t  1200O F when ex- 
t ruded  by  Dynapak. On t h e  o t h e r  h a n d ,  t h e r e  w a s  no 
s i g n i f i c a n t  improvement i n  s t r e n g t h  a t  1600O F. 
A s  mentioned ear l ier ,  the purpose of employing the Dyna- 
pak w a s  t o  e n a b l e  e x t r u s i o n s  t o  be made a t  a lower t e m -  
p e r a t u r e  (1600O F b i l l e t )  t h a n  u s e d  f o r  c o n v e n t i o n a l  hy- 
d r a u l i c   e x t r u s i o n s  (2000'  F). The bor ide   d i spersed   par -  
t ic les  were smaller i n  t h e  Dynapak e x t r u s i o n s ,  as shown 
ear l ier  i n  t a b l e  I V - 2 0 ,  a n d  l e d  t o  h i g h e r  s t r e n g t h s  i n  
t h e  s p e c i m e n s  t e n s i l e  t e s t e d  a t  1200O F (a f te r  aging 1 0 0  
h o u r s  a t  1200' F ) .  The l a c k  of improvement i n  s t r e n g t h  
a t  1600O F (after aging the specimens 100 h o u r s  a t  1600O F) 
was a t t r i b u t e d  t o  t h e  c o a r s e n i n g  of t h e  b o r i d e  p a r t i c l e s  
a t   t h a t   t e m p e r a t u r e .   T h i s  l a t te r  f ea tu re   sugges t ed  a 
l i m i t a t i o n  on s t r e n g t h  s t a b i l i t y  by d i s p e r s e d  b o r i d e  
phases of these  pa r t i cu la r  chemica l  compos i t ions .  
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TABLE IV-23. - Tensile  Properties of Hydraulic 
3 
4 
5 
6 
12 
13 
14 
15 
b. Internal 
8 
9 
17 
18 
Co+l. OB+2.2Ti 
Co+ l.OB+4.2Zr 
Co+ l.OB14.2Cb 
Co+l. OB+8.3Ta 
Fe+26. 1Co+l. OB+2.2Ti 
Fe+25.6Co+l.  OB+4.2Zr 
Fe+25.6Co+l. OB+4.2Cb 
Fe+24.  5Co+l. OB+8.3Ta 
' Oxidized Powders (Extruded) 
" 
Powder or 
(1000 psi) (weight percent) No. 
Strength Nominal  Composition Extrusion 
Ultimate 
a. Prealloyed  Atomized  Powders'(Extruded) 
c. Composite  Powders  (Extruded) I 
11 
C0+ll .   2ThQ (0.01-0.06 P ), 
Sherritt  Cordon 
(0.01-0.06 P )Vitro Labs 
Chas. Pfizer 
Chas. Pfizer 
Chas. Pfizer 
Chas. Pfizer 
0.06 P ), Chas. Pfizer 
Fe+23.7C0+12.lThQ 
C0+4. 75Al203(0.01-0.06 P 1, 
C0+4. 75Al203(0.1-0.6 P ), 
C0+11 .2Th~(0 .01 -0 .06~  1, 
C ~ l l .  2Th02(0.1-0.6 P ), 
Fe+23. 7Cot12.1Th02(0.01- 
d. Supplier' 1 
Strengthened  Cobalt 
Extrusions of Dispersion- 
I 
3 CO+ 11.2Th (0.01-0.06 c T h Q )  
9(b) 
e .  Comparison  Material  I 
C O + ~ .  3Th@(0.01-0.06~  ThQ) 
9 C0+2.3Th0~0.01-0.06 B Th%) 
123.1 
162.4 
172.8 
175.6 
132. 1 
147.1 
146.5 
129.0 
111.5 
117.7 
95.8 
113.9 
85. 8(e) 
102.4 
102.4 
- 
109.6 
- 
118.3 
129.4 
120.5 
104.6 
Nivco 5/8 in. dia. Forged and 
TD  Nickel  1-1/4 in. dia. Bar 
Heat Treated B a d )  175. 4 
At Room Temperature 
0.2% 
Offset 
Yield 
Strength 
(1000 psi) 
117.0 
144.3 
116.2 
136.1 
87. 8 
88. 9 
101.5 
79. 3 
106.2 
99. 3 
60.1 
92. 6 
(C) 
80.  9 
93.5 
- 
106.3 
- 
87. 4 
97. 3 
82.5 
.. ao. 8 
116.6 
80 
~~ ~ 
Elongation 
in 4D 
(percent) 
6.0 
1.0 
10.0 
9.8 
7.0 
10.0 
10.0 
a. o 
0.5(d) 
5.0 
5.0 
15.0 
0.0 
8.0 
1.0 
- 
3.0 
- 
6.0 
0.2 
3.5 
1. 3 
37 
25 
-~ 
Reductio 
(percen; 
in Are:: 
____ 
2. 1 
0. 7 
4. 1 
8.4 
6. 3 
11. 8 
9.1 
7. 8 
2.1(' 
4.1 
8.9 
11.1 
0.0 
6.2 
1.8 
- 
1.5 
- 
4.9 
0.0 
10.6 
3. a 
23. 5 
80 
(a) Specimens aged 100 hours in vacuum (pressure of 1 x t o r r  or less) at the elevated 
tensile  test  temperature  before  testing  in vacuum (pressure of 1 x 10-5 to r r  or less), 
except  for TD Nickel. 
tested  in hot extruded  condition. 
(b) Cold reduction in area of 85 percent by swaging  after hot extrusion. All other  material 
I 
Txtrusions Obtained f o r  I n i t i a l  E v a l u a t i o n  Effort (Phase 1) 
lltimate 
:trength 
i 000 psi) 
51.2 
15. I 
80.3 
13.6 
56. 4 
62.1 
67. 2 
62.8 
38.0 
32.5 
42. 4 
41. I 
25. I 
29.8 
28.5 
28.5 
30.1 
21.5 
34. 6 
25. 1 
25.8 
30.5 
97. 1 
38 
At 12 
0.2% 
Offset 
Yield 
Strength 
(1000 psi) 
26.4 
38.9 
41.9 
42.0 
21.6 
31.5 
31.5 
31.5 
30. 4 
20. I 
23. I 
30.5 
25.6 
16.8 
21.6 
21.4 
24. 4 
20. I 
22.0 
18. 3 
13. 8 
19.4 
14. 3 
33 
~ 
Elongation 
in 4D 
(percent) 
27.0 
20.0 
23.0 
24.0 
50.0 
40.0 
34.0 
34.0 
17.0 
18.0 
30.0 
24.0 
4.0 ( 4  
4.0(d) 
4. 0 
15.0 
8.0 
1.0 
4.0(d) 
4.0 
30.0 
7. 0 
30.0 
14 
- 
Reduction 
in Area 
(percent) 
24. 6 
24.2 
26. 9 
24. 8 
52.5 
44. 0 
34.2 
21. I 
14. 9 
39.6 
25.0 
21.1 
O.O(d) 
7. 3 
I. 4(d) 
10.0 
3.5 
2. 1 
14. d d )  
2. 1 
23. 6 
5. 4 
51.5 
29 
r 
Ultimate 
Strength 
1000 psi) 
20.7 
30. 3 
41. 1 
34. 1 
17. 5 
18.5 
17. 7 
16. 6 
20. 9 
13. 3 
11. 8 
11.6 
12.9 
6.9 
15.2 
7.6 
20. 4 
12.6 
20. 3 
8. 4 
14.5 
15.5 
26 
24.9 
Offset 
Yield 
Strength 
10.1 
22.6 ~ 
12.1 
10.0 
8.5 
7. 3 
8. 4 
11. 7 
7.0 
5.4 
3.7 
(C) 
2.7 
10.9 
7.0 
15. 9 
11.9 
12.2 
( 4  
6. 7 
9.9 
22 
9.5 
~ 
Elongation 
in 4D 
(percent) 
42.0 
52.0 
60.0 
04.0 
86.0 
82.0 
48.0 
76.0 
15.0 
;: !(dl 
36.0 
0. o(d) 
7. o(d) 
1.0 
1.5 
3.0 
2.0 
38.0 
2.0(d) 
4. 0(d) 
23 
124 
10 
Reduction 
in Area 
(percent) 
30.0 
51.1 
61.0 
57.7 
70.0 
69.5 
09.5 
57.7 
11.2 
27.2 
22. Q 
22.8(d) 
' O.O(d) 
14. l(d) 
1. 3 
0.6 
1. 8 
0.6 
26.9 
- (4 
16.3 
0.2(d) 
93.4 
19 
(c)  Failed  before  reaching 0. 2% offset. 
(d) Broke outside gage length. 
(e) Broke in threads. 
( f )  Heat treated 1125*25"F for 1 hour, water quenched, then a i r  aged at 1225+5"F for 50 hours. 
237 
60 
55 
50 
45 
h 
H 
4 0  
0 
g 35 
rl 
v 
3 30 
u 
$ 25 
I3 cn 
a 20  
I 4  w 
15 
1 0  
5 
0 
0 5 1 0  15 20  25  3 35 
AMOUNT O F  DISPERSED PHASE (VOLUME PERCENT) 
Note: Data po in t s   fo r   t he   va r ious   compos i t ions  are 
i d e n t i f i e d  by powder o r  e x t r u s i o n  numbers 
l i s t e d  i n  t a b l e s  IV-15 and IV-23. 
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1 
1 
0 
0 
0 
rl 
Y 
Note:  Data  points  for  the  various  compositions  are 
identified by Powder or  Extrusion  numbers 
listed in tables IV-15 and IV-23. 
FIGURE IV-34. Effect of Distance  Between  Dispersed  Particles 
(Approximate  Values)  in  Cobalt  As-Extruded Rod 
on Yield  Strength at 1200O and 1600' F 
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TABLE IV-24. Comparison of Eleva ted   Tempera ture   Tens i le  
P r o p e r t i e s  of Ex t rus ions  Made w i t h  a Con- 
vent iona l  Hydraul ic  Press  and  Dynapak 
Powder or 
Extrusion 
(weight  percent) No. 
Nominal  Composition 
4 C w l .  OEh4.2Zr 
4 C w l .  OB+% 2 z r  
4 
4 
C w l .   O B 4 . 2 2  
Co+l .   OB+4.22 
13 
13 Fe+25,6Co+l.   OB+4.2Zr 
Fe+25,6Co+  1.OB+4.2Zr 
13 
Fe+25.6Co+l.  OB+4,2Zr 13 
Fe+25,6Co+l.  OB+4.2Zr 13 
Fet25.6Co+  l.OB+4.2Zr 
14 Fe+25,6Cot  1.08+4.2Cb 
14 
14 
Fe+25,6Co+l .  OB+4.2Cb 
Fe+25.6Co+  l.OB+4.2Cb 
14 Fe+25.6C0+1.  OB+4.2Cb 
Extrusion 
Method 
Hydraulic 
Hydraulic 
Dynapak 
Dynapak 
Tensile  Properties(a) 
Tes t  Yield  Strength,  Ultimate  Tensile 
Temperature  Strength 0.2% Offset 
(" F) 
1600 
(1000 psi) 
1200 
38.9 75.7 1200 
30.3 10.1 
82.9 48.4 
1600 24.6 6.1 
(1000 psi)  
Hydraulic 
Hydraulic 
12ou 
1200 C.W. 65%b@) 
1600 Dynapak 
1200 Dynapak 
1600 
Hydraulic 1200 
Hydraulic 1600 
Dynapak 1200 
Dynapak 1600 
62.1 
70. I 
18.5 
80.2 
18.1 
67.2 
17. I 
71.0 
19.8 
31.5 
10.0 
42.3 
10.2 
38.5 
31.5 
7.3 
36.7 
9.8 
I I I 
Elongation 
in 4D 
(percent) 
20.0 
52.0 
30.0 
114.0 
40.0 
44.0 
82.0 
62.0 
2. o(c) 
34.0 
48.0 
52.0 
118.0 
(a) All tensile  specimens  aged 100 hours  in  vacuum  (pressure of 1 x 10-5  torr  or less )   a t  the 
(b)  Dynapak  extrusion  was  given  a  65  percent  cold  reduction  in  area by swaging. 
(c) Low elongation  probably  resulted from longitudinal  crack  present at one  end of tensile 
elevated  test  temperature  before  testing  in  vacuum of 1 x 10-5 torr. 
specimen. 
A shor t  l eng th  o f  t h e  Fe+25.6w/oCo+1.0w/oB+4.2w/oZr 
Dynapak extruded rod was cold reduced 65 p e r c e n t  by 
swaging.  Cold  working d i d  n o t  g r e a t l y  a f f e c t  t h e  ten-  
si le and y i e l d  s t r e n g t h s  a t  1200O F. The low e l o n g a t i o n ,  
2 . 0  p e r c e n t ,  a t  1200O F probably was r e l a t e d  t o  a long i -  
t u d i n a l  crack p r e s e n t  n e a r  o n e  e n d  o f  t h e  t e n s i l e  s p e c i -  
men which became a p p a r e n t  a f t e r  f i n a l  m a c h i n i n g .  The 
c racked  condi t ion  may have  o r ig ina t ed  f rom the  ex t rus ion  
de fec t  l oca t ed  nea r  t he  back  o f  the e x t r u s i o n ,  a l t h o u g h  
p recau t ions  were taken t o  avoid t h i s .  Dispersion-  
s t r e n g t h e n e d  p r o d u c t s  f a b r i c a t e d  f o r  a n  a c t u a l  a p p l i c a -  
t i o n  would be subjected t o  i n s p e c t i o n  by r ad iog raph ic  
and ul t rasonic  methods.  These t e s t  methods  would  reveal 
such  de fec t s .  
A l l  o f  the  Fe+27w/oCo-base e x t r u s i o n s  i n  t a b l e  IV-24 
had a r e c r y s t a l l i z e d  s t r u c t u r e ,  b o t h  h y d r a u l i c  a n d  Dy- 
napak. The h ighe r   s t r eng ths   o f   t he  Dynapak e x t r u s i o n s  
a t  1200O F were related t o  t h e  smaller s i z e  of d i s p e r s e d  
pa r t i c l e s  and ,  hence ,  smaller i n t e r p a r t i c l e  s p a c i n g  i n  
the matr ix  mentioned earlier.  
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c. TENSILE  PROPERTIES O F  HYDRAULIC EXTRUSIONS 
(PHASES 1, 2,  AND 3) WITH AND WITHOUT PRE- 
LIMINARY SECONDARY WORKING (PHASE 2)  
Composi t ions extruded during the in t e rmed ia t e  eva lua -  
t i on  (phase  2) and included i n  table IV-25 w e r e  pre- 
a l loyed  a tomized  powder No .  19 ,  Fe+24.8w/oCo+8.3w/oZr 
(6.4v/oZr02);  powder No. 9A, Co+3.6w/oBe0(8.3v/oBeO) 
which w a s  g iven  a 1/2 h o u r  i n t e r n a l  o x i d a t i o n  treat- 
ment; and composite powder N o s .  13 and 1 4 ,  Co+4.5w/o 
Tho2 and Co+8.4w/oThO2 wi th  4v/o and  7.5v/oTh02, re- 
s p e c t i v e l y ,  from b o t h  S h e r r i t t  Gordon and Chas.  Pf izer .  
These compositions were more d i l u t e  t h a n  many of t h e  
compos i t ions   i nves t iga t ed   i n   phase  1. There w a s  evi- 
dence i n  t h e  l i t e r a t u r e  t h a t  s t r e n g t h  levels might be 
maintained or  even  increased  by r e d u c i n g  t h e  amount of 
d i spe r so id .  It has   been   repor ted  for one   d i spers ion-  
hardening model (ref. IV-28) t h a t  maximum s t r e n g t h  o f  
hot-extruded materials would be expected with between 
4 and 15 v/o dispersed phase and a p a r t i c l e  r a d i u s  be- 
tween 30 and 50 fl. Nickel  + t h o r i a   s h e e t   s e c o n d a r y  
worked  by a l t e r n a t e  c y c l e s  of r o l l i n g  and anneal ing 
showed a maximum t e n s i l e  s t r e n g t h  a t  approximately 3v/o 
of 50 t o  150A t h o r i a  (ref.  IV-39). The tendency t o  
form c l u s t e r s  a n d  t h e  s i z e  of the c l u s t e r s  i n c r e a s e d  
w i t h   i n c r e a s i n g   t h o r i a   c o n t e n t .   I n   c o b a l t  + t h o r i a  
rod secondary worked by s w a g i n g  t h e  t e n s i l e  s t r e n g t h  
i n c r e a s e d  w i t h  i n c r e a s i n g  t h o r i a  c o n t e n t  i n  t h e  r a n g e  
i n v e s t i g a t e d ,  0.5v/o t o  4v/o (refs. I V - 6 9  and  IV-70). 
The Rockwell C hardness  values  measured on t ransverse 
sect ions of  rod half-way between edge and center ,  and 
t h e  l o n g i t u d i n a l  t e n s i l e  p r o p e r t i e s  are p r e s e n t e d  i n  
table IV-25 f o r  h y d r a u l i c  e x t r u s i o n s  w i t h  a n d  w i t h o u t  
secondary working, which w a s  a p p l i e d  a t  1500O F f o r  14 
c y c l e s  i n  t h e  i n i t i a l  s t u d y .  
In  the hot-extruded condi t ion,  the Fe+24.8w/oC0+8.3~/0 
Z r  composition containing 6.4v/oZr02 and 14v/o coarse, 
e l o n g a t e d  p a r t i c l e s  of Fe-Co-Zr c o n s t i t u e n t  o b t a i n e d  
on phase 2 had a s l i g h t l y  h i g h e r  y i e l d  s t r e n g t h  a t  
1200' F and a s l i g h t l y  l o w e r  y i e l d  s t r e n g t h  a t  1600O F 
than  the  phase  1 composition from which it was de r ived ,  
Fe+25.6w/oCo+1.0w/oB+4.2w/oZr. The Co+3.6w/oBeO pow- 
der  composi t ion N o .  9A i n t e r n a l l y  o x i d i z e d  f o r  1 / 2  hour ,  
had a h i g h e r  y i e l d  s t r e n g t h  a t  1600°F ,  b u t  t h e  same 
y i e l d  s t r e n g t h  a t  1200O F, in  compar ison  wi th  the  same 
powder material i n t e r n a l l y  o x i d i z e d  f o r  2 hours .   This  
was due t o  t h e  f a c t  that t h e  f i n e n e s s  of t h e  d i s p e r -  
s o i d  w a s  n o t  s i g n i f i c a n t l y  i n c r e a s e d  w i t h  t h e  s h o r t e r  
i n t e r n a l  o x i d a t i o n  t i m e .  
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TABLE IV-25 .  - Tensile  Properties of Hydraulic  Extrusions 
Obtained f o r  Initial  and  Intermediate 
Powdcr or 
EXtrUSlfJll WJIIIIIGI~ Conlposition 
(weight pcrcent)  
I .  Prc;lIloyctl  Atomlzed Powders (Es t ru t led)  
5 
CfJ+ l .OB+4.  2CI) 3 
C 0 + 1 . 0 8 + 4 . 2 C I ~  
13 
Fc+24 .8Co+8 .3Zr  19 
F e + 2 5 . 6 C f ~ - l . O M + 4 . 2 Z r  13 
Fc+2j.6C!1+1.013+4.2Zr 
I .  1ntern;llly Oxidized Powders (Extruded) 
C 0 + 3 . 6 & 0  (2 h r . )  
:A 1 Co+3 .6BeO  (1 .2   h r . )  
9A C0+3 .6&0 (1  2 h r . )  
Compos~tc  Powders  (E.utruded) 
1 
I 
13 
14 
14 
3 
3 
13 
13 
14 
14 
3 
P 
1 1  
1 1  
Sherri  tt   Gordon 
Cnc4.5Th02 (o.Ol-O.o6p) ,  
COt8. 4Th02 (O.Ol-O.O6p), 
C0+8.4Th@ (0.01-O.O6p), 
Co+11.2Th02 (0.01-0.06p),  
C0+11.2Th02  (0 .01-0.06p) ,  
Sherr i t t  Gordon 
Sher r i t t  Gordon 
Sherr i t t   Cordon 
Sherrl t t   Cordon 
C.)+4.5Th02 (0.01-0.06p) ,  Chas.  Pf izer  
Co+8.4Th02 (0 .01-0 .06p) .  Chas .  Pf izer  
Co14 .5Th02  (0 .01 -0 .06p) ,  Chas .  P f i ze r  
Cu+8.4Th02 (O.Ol-O.O6p), Chas. Pfizer 
C o t 1 1 . 2 T h 0 2   ( 0 . 0 1 - 0 . 0 6 ~ ) .  
Cllas. P l izcr  
C l n s .   P l i z c r  
C1~~11.2Th0~/0.01-0.06~). 
F~+23 .7CtJ+12 .1Th02  (0.01-0.06s). 
F ~ + 2 3 . 7 C 0 + 1 2 .  IT1102 ( 0 . 0 1 - 0 . 0 6 ~ ) .  
C l ~ n s .  Pf izer  
C11:ts. Pflzcr 
Secondar 
Working 
Temp. 
( F) 
N I V W  5 8 111. dianl Forged and Heat Trea ted  
TD Nlckcl 1-1 4 i n .  dian~ Bar (Secondary Worked) 
None 
1500 
None 
1500 
None 
None 
None 
1500 
None 
None 
1500 
None 
1500 
None 
1500 
None 
1500 
None 
1500 
None 
1500 
Secondar: 
Worlting 
Cycles  
(No.)  
14 
0 
14 
0 
0 
0 
14 
0 
0 
0 
14  
0 
14  
0 
14 
0 
14 
0 
14 
0 
14 
" 
" 
" 
Cumulative 
Reduct1011 
in Area 
b e r c e n t )  
- 
0 
75 
75 
0 
0 
0 
75 
0 
0 
0 
75 
0 
75 
0 
75 
0 
75 
0 
1 5  
0 
75 
" 
" 
i 
i 
I 
?ockwell ( 
Hardness  
(Rc) 
ce 1 
41 .2  
46.5 
30 .5  
" 
29 .5  
" 
" 
" 
37.6 
41.6 
38.4 
39.6 
3 9 . 1  
" 
" 
" 
" 
3 6 . 5  
34. a 
25 .4  
31.6 
" 
" 
Ultimate 
Strength 
1000 psi :  
172.8 
" 
147 .1  
" 
156. 3 
117.7 
121 .2  
" 
157.9 
170 .0  
85.  d e )  
115 .5  
115 .2  
" 
" 
" 
109.6 
" 
118.3 
" 
175 .4  
90 
At Xoom 
Offset 
0 . 2 %  
Yield 
Strength 
(1000 psi)  
~~ 
116.2 
" 
E 
1( 
9 
9 
14 
8 
10 
10' 
8 
111 
8' - 
(a: S l ) cc~mcns   : qxd  100 hours In varuum (pressure of 1 x 10-5  tor r  or  less )  a t  the  e leva ted  tens i le  tes t  t e rnpera lur  
( I ) )  Tcslcd nt  ;I S ~ ~ ; L I I I  ~ 1 t v  ul 0 .  005 111. ill. n~lnute [rom Yield to f rac ture  ins tead  of 0 . 0 5  i n .  i n .  nlinute. 
((.) f . ' ;~~lutl  I I C I O I . C  ~ L ~ . I ~ ~ I I I I ~  0 .  2 pcrccnt  ol lscl .  
(e) Br t~kc  111 l l~~ 'eads .  
before testing I I I  \ : l! 'uuni (pressure 01 1 s 1 0 - 5   t o r r  or less). except for TD Nickel. 
((1) BI~~lkC t luts ld~~ c;Ijic' Icngth. 
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G ith  and  Without  Secondary  Working (14 Cycles) 
I 
Evaluation E f f o r t s  (Phases 1 and 2) 
Temperat)  
ElOngatioti 
in 4D 
(percent) 
'10.0 
" 
10.0 
" 
14. 0 
.o . 0 
5.0 
" 
2.0 
3.0 
0.0 
8.0 
2.0 
" 
" 
" 
3.0 
" 
teduction 
in  Area 
percent)  - 
4.1 
" 
11.8 
" 
13.6 
4.1 
15.9 
" 
,6. 3 
0.9 
0.0 
" 
12.2 
0.6 
" 
" 
1.5 
" 
4 .9  
" 
23.5 
80 
" 
1 
Jltimate 
ltrength 
LOO0 ps i )  
80.3 
24.4 
62.1 
70.0 
74.7 
22.8(b) 
32.5 
36.6 
19.3(b) 
21.9(b) 
36.7 
25.7 
37.6 
30.2 
23. 
30.5 
30.1 
30.1 
21.7(b) 
34.6 
43.9 
97.1 
30 
A t  120 
0.27. 
Offset 
Strength 
Yield 
[IO00 ps i )  
Io= 
103.4 
31.9 
31.5 
37.6 
34.7 
20.7 
20.4 
23.8 
19.1 
21.9 
26.2 
25.6 
30.6 
20.3 
19.9 
22.6 
20.2 
24.4 
24.4 
22.0 
26.1 
71.3 
33 
Clongation 
in 4D 
(percent) 
23.0 
7.8 
40.0 
35.0 
22.0 
18.0 
14.9 
19.0 
4.4 
1.5 
6.0 
4.0 
11.9 
8.0 
17.0 
5.7 
14.0 
8.0 
10.0 
4.0 
16.0 
30.0 
14 
ieductior 
in Area  
percent)  
26.9 
4.0 
44.0 
39.0 
32.6 
39.6 
17.2 
34.0 
4.2 
0.8 
2.2 
0.0 
11.1 
5.5 
16.9 
3.8 
6.5 
3.5 
12.6 
14.3 
Id.  2 
51.5 
29 
I 
Jltimate 
jtrength 
LOO0 ps i )  
41. 
44.5 
18.5 
19.8 
20.8 
13.3 
21.6 
20.9 
12.4 
10.3 
14.6 
12.9 
17.9 
10.3 
17.3 
17.5 
18.8 
20.4 
23.7 
20.3 
15.0 
24.9 
26 
A t  160 
0.2% 
Offset 
Strength 
Yield 
(1000 ps i )  
22.6 
' 27.5 
10.0 
10.5 
9.5 
7.0 
9.9 
11.5 
5.8 
8.4 
(C) 
(C ) 
17.9 
10.1 
7.1 
9.3 
9.2, 
15. g 
19.2 
12.2 
7.5 
9.5 
22 
Clongation 
in.4D 
(percent), 
66.0 
40.0 
82.0 
70.0 
110.0 
28.0 
29.0 
14.0 
15.0 
2.0 
2.0 
O.O(d) 
2.0 
28.0 
9.0 
12.0 
5.0 
3.0 
5.0 
38.0 
8 . 0  
124 
10 
eduction 
in Area  
percent )  
61.0 
38.9 
69.5 
55.1 
g9.8 
27.2 
22.0 
11.0 
10.8 
0 . 7  
5 . 0  
O . O @  
2.0 
9.3 
9.3 
4.7 
2.5 
1.8 
4 . 6  
26.9 
7 . 8  
93.4 
19 
The e x t r u s i o n s  of t h e  new cobal t -base composi te  pow- 
d e r s  No .  1 3  and 1 4  c o n t a i n i n g  4v/o  and 7.5v/oThO were 
weake r  than  the  o ld  ex t rus ions  from S h e r r i t t  G o r i o n  
and  Chas. P f i z e r  powder No .  3 con ta in ing  10  v/oTh02. 
However, t h e  more d i lu t e  compos i t ions  t ended  t o  have 
more d u c t i l i t y .  
The room tempera ture  hardness  of  the  Co+Bor ide  ex t ru-  
s i o n  No.  5 was inc reased  s ign i f i can t ly  by  the  secondary  
working  condi t ions  used ,  whi le  the  Co+Th02 composi t ions 
t e s t e d  a c t u a l l y  showed a s l i g h t  d e c r e a s e .  On t h e  o t h e r  
hand ,  t he  tho r i a t ed  i ron -coba l t  ex t rus ion  N o .  11 i n -  
c r e a s e d  i n  h a r d n e s s .  
The y i e l d  s t r e n g t h  a t  1200O and 1600O F o f  t h e  Co+Bor- 
i d e  e x t r u s i o n  No.  5 h a v i n g  a n  i n t e r p a r t i c l e  s p a c i n g  o f  
approximately 2 .0  microns w a s  improved  subs t an t i a l ly  
by secondary  working a t  1500' F. The e x t r u s i o n  o f  t h e  
Co+3.6w/oBeO i n t e r n a l l y  o x i d i z e d  powder (1/2 hour)  
hav ing  an  in t e rpa r t i c l e  spac ing  o f  approx ima te ly  3 .3  
microns showed  an i n c r e a s e  i n  y i e l d  s t r e n g t h  a t  1200O F 
and  1600' F of  a little less than  20 pe rcen t .  The re- 
s p o n s e  o f  t h e  t h o r i a t e d  c o b a l t - b a s e  e x t r u s i o n s  t o  sec- 
ondary working a t  1500O F w a s  a l so  dependen t  on  the  in -  
t e r p a r t i c l e   s p a c i n g .  Of those   a l loys   which   rece ived  
secondary working, the Co+8.4w/oTh02 and  Co+ll.2w/o 
Tho2 e x t r u s i o n s  from S h e r r i t t  Gordon powders,  and the 
Co+ll.2w/oTh02  from  Chas. P f i z e r  powder were d e f i n i t e l y  
s t r o n g e r   i n   t h e   s e c o n d a r y  worked cond i t ion .  A l s o ,  t h e  
t e n s i l e   e l o n g a t i o n  w a s  improved. I t  a p p e a r e d   t h a t   t h e  
ave rage  in t e rpa r t i c l e  spac ing  had  to  be  approx ima te ly  
2 microns or  less i n  o r d e r  f o r  t h e  material t o  show a 
s t rength  response  to  secondary  working ,  a t  least  under 
t h e s e  c o n d i t i o n s .  
Smith ( ref .  I V - 6 7 )  h a s  i n d i c a t e d  t h a t  t h e  a n c h o r i n g  
f o r c e  o f  a n  i n s o l u b l e  i n c l u s i o n  on a gra in  boundary  i s  
p r o p o r t i o n a l   t o  V/d. Ashby ( r e f .  IV-68) developed a 
t h e o r e t i c a l  e q u a t i o n  which i n d i c a t e d  the s t r e n g t h  of 
d ispers ion-s t rengthened  materials was p r o p o r t i o n a l  t o  
t h e  volume pe rcen t  o f  d i spe r so id  (VI d i v i d e d  by t h e  
mean p a r t i c l e   d i a m e t e r   ( d )   a l l   t o   t h e  1 / 2  power. The 
V/d r a t i o  h a s  b e e n  u s e d  t o  i n t e r p r e t  t h e  s t r e n g t h e n i n g  
e f f e c t  i n  n i c k e l  + t h o r i a  ( r e f .  IV-39) and cobal t  + 
t h o r i a   ( r e f .  IV-69)  d i spe r s ion - s t r eng thened  materials. 
The Rockwell C hardness  a t  room t e m p e r a t u r e ,  y i e l d  
s t r e n g t h  a t  1 2 0 0 '  F,  and c o e r c i v e  f o r c e  a t  1200O F f o r  
t h e  Co+ThO a l loys   in   the   ho t -ex t ruded   and   secondary  
worked conz i t ions  are shown as a f u n c t i o n  of t h e  d i s -  
persoid  parameter  (V/d) i n  f i g u r e  IV-35. A l l  o f   t hese  
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a /-Y.S. Secondary  Worked . .  
cv 
rl 
Y . S . As-Extruded 
0 As-Extruded a Secondary  Worked  at 
1500OF  for  14  Cycles 
5 0  . 
245 
F I G U R E  IV-35. Coercive  Force  and  Yield  Strength  a t  1200' F and 
Rockwell C Hardness a t  Room Temperature of C o  + 
Tho2 Alloys in  the As-Extruded and Secondary 
Worked (14 Cycles a t  1500O F) Condit ions 
p r o p e r t i e s  i n c r e a s e d  w i t h  V/d ra t io .  Only a t  t h e  l a r g e r  
va lues  of  V/d (smaller v a l u e s  o f  i n t e r p a r t i c l e  s p a c i n g ) ,  
w a s  t h e  y i e l d  s t r e n g t h  i n c r e a s e d  by secondary working 
s u b s t a n t i a l l y  above t h a t  of the  a s -ex t ruded  cond i t ion .  
I n  t h e  case of t h e  Fe+25.6w/oCo+1.0w/oB+4.2w/oZr e x t r u -  
s i o n  from  atomized powder N o .  1 3  i n  t a b l e  IV-25, second- 
a ry  working  for  1 4  cyc le s  a t  1500O F provided  a 1 9  per -  
c e n t  i n c r e a s e  i n  y i e l d  s t r e n g t h  a t  1200O F and a 5 per-  
c e n t  i n c r e a s e  a t  1600O F. Secondary  working  of  the 
Fe+23.7w/oCo+12.lw/oTh02 e x t r u s i o n  i n c r e a s e d  t h e  y i e l d  
s t r e n g t h  by 1 9  p e r c e n t  a t  1200O F ,  b u t  d e c r e a s e d  t h e  
y i e l d  s t r e n g t h  by 39 p e r c e n t  a t  1600O F. 
The secondary working temperature of 1500O F was above 
t h e  r e c r y s t a l l i z a t i o n  t e m p e r a t u r e  of t h e s e  Fe+27w/oCo- 
base  composi t ions.  An e l o n g a t e d ,   r e c r y s t a l l i z e d   g r a i n  
s t r u c t u r e  w a s  produced by secondary working, as com- 
p a r e d  w i t h  t h e  e q u i a x e d  s t r u c t u r e  p r e s e n t  i n  t h e  o r i g -  
i n a l   e x t r u d e d   s t o c k .  The e l o n g a t e d   g r a i n   s t r u c t u r e  
was changed through grain growth to a more equiaxed  type  
by ag ing  the  t ens i l e  spec imens  1 0 0  hours  a t  1600O F. 
Those  aged 1 0 0  h o u r s  a n d  t e s t e d  a t  1200O F r e t a i n e d  t h e  
e l o n g a t e d   g r a i n   s t r u c t u r e .  The f a c t   t h a t   r e c r y s t a l l i z a -  
t i o n  and g ra in  g rowth  occur red  in  these  materials,  b u t  
n o t  i n  t h e  C o - b a s e ,  a t  1500O F and above suggested that  
t h e  Fe+Co-base  had s e r i o u s  h i g h - t e m p e r a t u r e  l i m i t a t i o n s  
b e c a u s e  o f  t h e  t h e r m a l  i n s t a b i l i t y  o f  t h e  m a t r i x  s t r u c -  
t u r e .  I t  was n o t  p o s s i b l e  t o  o b t a i n  f o r  e v a l u a t i o n  
Fe+Co-base  powder c o m p o s i t i o n s  f o r  t h i s  i n v e s t i g a t i o n  
w i t h  r e a l l y  small i n t e r p a r t i c l e  s p a c i n g s  (2 microns o r  
l ess ) ,  b e c a u s e  t h e  e f f e c t i v e  p a r t i c l e  s i z e  of t h e  d i s -  
pe r so id  w a s  a lways   ra ther   coarse .  The atomized powder 
composition N o .  13  (2Ov/o d isperso id)   and   the   composi te  
powder composition N o .  11 ( lOv/o   d i sperso id)   had   in te r -  
par t ic le  spacings of  approximately 3.6 and 2 . 7  microns,  
r e s p e c t i v e l y .   I n   o r d e r   t o   a c h i e v e   f i n e r   i n t e r p a r t i c l e  
spac ings ,  t h e  volume p e r c e n t  d i s p e r s o i d  would have had 
t o   b e   i n c r e a s e d   s u b s t a n t i a l l y .   T h i s  w a s  n o t  done i n  
o r d e r  t o  a v o i d  f u r t h e r  d i l u t i o n  of t h e  s a t u r a t i o n  mag- 
n e t i z a t i o n  v a l u e s .  
The extrusion of  a tomized powder composition No. 1 9  i n  
table IV-25 had  6.4v/o  of Z r 0 2  d i s p e r s o i d  ( 0 . 3  micron 
e f f e c t i v e  p a r t i c l e  s i z e )  and 14v/o of  coarse ,  e longated 
Fe-Co-Zr c o n s t i t u e n t   p a r t i c l e s .   A l t h o u g h   t o o   c o a r s e  
f o r  dispersion-strengthening, it w a s  b e l i e v e d  t h a t  t h e  
e longated  Fe-Co-Zr c o n s t i t u e n t  p a r t i c l e s  would a c t  a s  
e f f e c t i v e  b a r r i e r s  t o  l a t e ra l  g r a i n  g r o w t h  i n  t h e  sec- 
ondary worked condition, giving a smaller g r a i n  s i z e  and 
improved  thermal  s tab i l i ty .  
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and 3 )  wi th  
5. Creep P r o p e r t i e s  of Hydraul ic   Extrusions  (Phases  1, 2 ,  
and without Preliminary Secondary Working 
(Phase 2 )  
The  vacuum c r e e p  p r o p e r t i e s  o b t a i n e d  a t  1400O F a f t e r  ag ing  
the  spec imens  in  vacuum f o r  1 0 0  h o u r s  a t  1400O F o r  2 hours  
a t  1830O F are i n d i c a t e d  i n  table IV-26.  The c r e e p  s t r a i n  
w a s  measured on the specimens a f te r  c o o l i n g  t o  room temper- 
a t u r e .  A l s o  i n c l u d e d  i n  t a b l e  IV-26 are t h e  vacuum t e n s i l e  
p r o p e r t i e s  c a l c u l a t e d  f o r  1400O F by  ave rag ing  the  1200O F 
and 1600O F t ens i l e  p rope r t i e s ,  and  the  measu red  va lues  o f  
coercive fo rce  and  sa tu ra t ion  magne t i za t ion  a t  1 4 0 0 '  F. 
The Co+l.Ow/oB+4.2w/oCb composition extruded from atomized 
powder No .  5 h a d  b e t t e r  c r e e p  r e s i s t a n c e  i n  t h e  h o t - e x t r u d e d  
cond i t ion  than  in  the  secondary  worked condi t ions  used  ( 1 6  
c y c l e s  maximum). This  w a s  a l s o  t r u e  f o r  t h e  Fe+27w/oCo-base 
atomized  powder  compositions Nos. 13  and 1 9 .  However, t h e  
c r e e p  r e s i s t a n c e  o f  t h e  Co+l.Ow/oB+4.2w/oCb r o d  i n  t h e  sec- 
ondary worked condition showed some improvement a t  1 6  c y c l e s  
a t  1250O F ove r  1 4  cyc le s  a t  1500"  F. 
The r e l a t i v e l y  c o a r s e  d i s p e r s o i d  p a r t i c l e s  ( 0 . 7 5  m i c r o n  
average s i z e )  in  a tomized  powder e x t r u s i o n  No. 5 were t o o  
l a r g e  t o  e f f e c t i v e l y  a n c h o r  t h e  g r a i n  b o u n d a r i e s  d e v e l o p e d  
dur ing  secondary  working  even  though the  in te rpar t ic le  spac-  
i n g  w a s  2 .0  microns.  A s  a r e s u l t ,   t h e   s e c o n d a r y  worked 
g r a i n  s t r u c t u r e  d e v e l o p e d  w i t h  1 4  t o  1 6  cyc le s  t ended  to  be  
more uns tab le  under  stress i n  t h e  c r e e p  tes ts  t h a n  d i d  t h e  
o r i g i n a l   h o t - e x t r u d e d   s t r u c t u r e .  The same type  of  problem 
was encountered with t h e  secondary worked Fe+Co-base atom- 
i z e d  powders Nos. 13  and 1 9 .  
On t h e  other   hand,  t h e  Co+ll.2w/oTh02  (10v/oTh02)  composite 
powder N o .  3 from  Chas. P f i z e r  showed a s u b s t a n t i a l  improve- 
ment i n  c r e e p  r e s i s t a n c e  w i t h  secondary  working.   After  1 6  
cyc le s  a t  1250' F ,  a c r e e p  s t r a i n  o f  0 . 2 2  pe rcen t  was ob- 
t a i n e d  a f t e r  1 0 0  hour s  a t  15 ,000  ps i  stress a t  1 4 0 0 "  F. The 
Co+8.4w/oThO2 (7.5v/oTh02)  composite powder No. 1 4  from 
S h e r r i t t  Gordon  showed s i g n i f i c a n t  improvement i n  c r e e p  re- 
s i s t a n c e  as the secondary working temperature  was decreased  
from 1500O t o  1250O F. The a d d i t i o n  of 0.25w/oZr t o  t h e  com- 
p o s i t e  powder in  combina t ion  wi th  a high temperature  aging 
t r ea tmen t  ( 2  hours  a t  1830O F) was b e n e f i c i a l  i n  i m p r o v i n g  
c r e e p  r e s i s t a n c e .  
A l l  of t h e  materials l i s t e d  i n  table I V - 2 6  had a coe rc ive  
f o r c e  w e l l  u n d e r  t h e  t e n t a t i v e  l i m i t  of 25 o e r s t e d s  a t  1400° F,  
and a sa tura t ion  magnet iza t ion  above  1 2 . 0  k i logauss ,  excep t  
for  a tomized  powder No. 5 which had a s a t u r a t i o n  of only 1 0 . 1  
k i logauss .  
247 
TABLE IV-26. - Short-Term Vacuum C r e e p  P r o p e r t i e s  o f  Hydrau l i  
7 Powder or 
No. I Extrusion 
O b t a i n e d  f o r  I n i t i a l  a n d  I n t e r m e d i a t  
Amount 
of 
Dispersed 
Phase 
Nominal Composition (percent 
(weight  percent) by volume: 
a. Prealloyed Atomized Powders (Extruded) 
Co+ 1.0%  4.2Cb 
Co+l.  OBt4.2Cb 
Co+l.OBe4.2Cb 
Fe+25.6Co+l. OBe4.2 Zr  
Fe+25.6Co+l. OEh4.2 Z r  
Fe+25.6Co+l.  OBe4.2Zr 
27 
27 
27 
20 
20 
20 
20 
6.4  ZrO2 
6 .4ZrQ 
Aver  age 
Effective 
Size of 
Dispersed 
Particles 
(microns) 
0. 75 
0. 75 
0. 75 
0.90 
0.90 
0.90 
0.90 
0. 3 
0. 3 
Average 
Inter- 
particle 
Spacing 
(microns 
2.0 
2.0 
2.0 
3. 6 
3. 6 
3. 6 
3. 6 
3. 0 
3.0 
~~ 1 
Seconda 
Secondary 
Working 
Temp. 
(OF) 
None 
1500 
1250 
None 
1500 
1250 
1000 
None 
1250 
~ - . . - . . . - . . - . . - 
r Work(d 
Seconds 
Workil 
Cycle: 
"
(No. : 
0 
14 
16 
0 
14 
16 
16 
0 
16 
. . - 
(a) Specimens aged 100 hours at 1400°F in vacuum (pressure of 1 x t o r r  or less) before creep 
testing  in  v~cuum  (pressure of 1 x 10-6 t o r r  or less) except for TD Nickel  and  one as noted. 
(b) No tests made at  1400°F. Average of 1200°F and 1600°F tensile properties. Specimens aged 
100 hours in vacuum (pressure of 1 x t o r r  or less) at the tensile test temperature before 
tensile testing in vacuum (pressure of 1 x torr  or less) except for TD Nickel. 
248 
Bxtrusions  With  and  Without  Secondary  Working (14 to 16 Cycles) 
Evaluation E f f o r t s  (Phases 1 and 2) 
" 
Cumulative 
Reduction 
in A1,ea 
(percent) 
~" 
0 
75 
82 
0 
75 
82 
82 
0 
82 
At 1400"F(a) 
Short  Term Vacuum 
Creep PI 
Creep Si 
100 Hours 
At 10,000 
psi   Stress 
0.21 
" 
" 
0. 17 
" 
" 
" 
0. 00 
" 
3 
tr; 
perties 
rin in 
Fercent) 
At 15,000 
?si Stress  
0.92 
9.6 
6. 5 
Failed  in 
64 hrs, 
16. .7% 
st rain 
Failed i r  
11.5 hrs, 
32.8% 
strain 
Failed i r  
5. 7 hrs,' 
s t ra in  
Failed i r  
7.2  hrs, 
14.2% 
strain 
Failed i r  
17.5 hrs! 
53.2% 
strain 
Failed i r  
2.6 hrs, 
103.0% 
strain 
11.4% 
At 1400"F(b) 
Vacuum Tensile  Properties 
Ultimate 
Tensile 
Strength 
(1000 psi) 
60.7 
84. 5 
" 
40. 3 
44.9 
" 
" 
47. 8 
" 
3.2%Offset 
Yield 
Strength 
(1000 psi) 
32.3 
65.5 
" 
20.8 
24. 1 
" 
" 
22.1 
" 
Elongation 
4D 
in 
(percent) 
44.5 
23.9 
" 
61.0 
52.5 
" 
" 
66.0 
" 
i 
- 
At 1400OF 
Magnetic 
Coercive 
Force, 
HC 
(oersteds) 
~~ 
8.0 
15. 1 
" 
6. 4 
3.8 
" 
6.6 
4. 5 
8.7 
roperties 
Saturation 
Magnetization, 
*S 
(kilogauss) 
10. 1 
10.1 
10. 1 
15.0 
15.0 
15.0 
15.0 
15.0 
15.0 
testing  instead of 100 hours at 1400°F. 
followed by a 10  minute  anneal at the swaging temperature. 
(d) Each  cycle of secondary  working  Consisted of aPPrOximately a 10 percent  reduction  in area 
-p  
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TABLE IV-26. - Continued.  Short-Term Vacuum C r e e p   P r o p e r t i e s  
Working ( 1 4  to 1 6  Cycles)   Obtained f o r  I n i t i a l  and 
1"" 
Powder o r  
Estrusion 
No. 
Nomin;~l Composition 
(;veight percent) 
Amount 
of 
Dispersed 
Phase 
(percent 
by volume) 
b. Internally Oxidized Powders (Extruded) 
8 
9 
18 
Cw3.6BeO 
c.  Composite  Powders  (Extruded) 
13 
1 3  
c0+4.  5Th02 (0. 01-0.06p), 
c0+4. 5Th02 (0. 01-0.06p), 
Sherritt Gordon 
Sherritt Gordon 
I 
I 
14 
C0+8.4Th02+0.25Zr 14 
Cot8.  4Th02  (0.01-0.06,~) 14 
C0+8.  4Th02 (0 ,01-0.06p)  14 
C0+8. 4Th02 (0.01-0.06~) 
14  C0+8.  4Th02+0.25Zr 
Sherritt  Gordon 
Sherritt Gordon 
Sherritt Gordon 
9. 8 
8.3 
9.6 
4 
4 
7. 5 
7. 5 
7. 5 
7. 5 
7.  5 
i 1 I 
I 
___ 
0. 3 
0 .3  
0. 3 
0. 1 
0. 1 
0. 1 
0. 1 
0. 1 
0. 1 
0. 1 
Average 
Effective 
Size of 
Dispersed 
Particles 
(microns) 
- -1 
L 
"~ 
Average 
Inter - 
particle 
Spacing 
(microns 
2. 8 
3. 3 
2. 8 
2. 4 
2. 4 
1 . 2  
1.2  
1 . 2  
1. 2 
1.2 
____-  . . . ... . -
Secondary Work(d) 
Seconclar~ 
Working 
Temp. 
( O F )  
None 
None 
None 
None 
1000 
None 
1500 
1250 
1250 
12 50 
Secolldnry 
Working 
Cycles 
(No. 1 
"" 
0 
0 
0 
0 
16 
0 
14 
16 
16 
1 6 1  
- "_ 
1) Specimens aged 100 hours at 1400°F i n  vacuum (pressure of 1 x t o r r  or less) before creep 
testing in  vacuum (pressure of 1 x torr or 1ess)except for  TD Nickel and one as noted. 
I )  No tests made at 1400°F. Average of 1200°F and 1600°F tensile properties. Specimens aged 
100 hours  in  v~cuum  (pressure of 1 x 10-5 t o r r   o r  less) at theitensile  test  temperature  before 
tensile  testing  in vacuum (pressure of 1 x 10-5 t o r r  or less)  except  for TD Nickel. 
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of Hydraulic  Extrusions  With  and  Without  Secondary 
,Intermediate  Evaluation  Efforts  (Phases l a n d  2) 
Cumulative 
Reduction 
in  Area 
(percent) 
0 
0 
0 
0 
82 
0 
75 
82 
82 
82 
At 1400'F(a) 
Short  Term Vacuum 
- 
- ~ .  
Creep  Properties 
Creep  Strain i n  
~~ - 
100 H o k  
psi   Stress 
At 10,000 
0. 40 
Failed  in 
11. 8 hrs,  
strain 
Failed 
during 
loading, 
6. 5% 
strain 
2. 7% 
" 
" 
" 
" 
" 
" 
" 
Jercent) 
A t  15,000 
?si   Stress 
~ " - ~ 
Failed  in 
LO. 8 hrs,  
I .  6% 
strain 
" 
" 
" 
Failed  in 
20 hrs,  
0. 84% 
st   ra in  
" 
0.94 
0. 55 
0. 75 
0.21k)  
At 1400"F(b) 
Vacuum Tensile  Properties - 
Ultimate 
Tensile 
Strength 
(1000 psi) 
. ~ ~~ 
" . 
29. 5 
22.9 
29. 7 
15.9 
" 
16. 1 
25.7 
" 
" 
" 
" 
).2%0ffset 
Yield 
Strength 
(1000 psi) 
!I. 1 
13.9 
17. 1 
12. 5 
" 
15.2 
20.4 
" 
" 
" 
Elongation 
4D 
in 
(percent) 
.6. 0 
i3. 0 
30. 0 
9.7 
" 
1. 8 
4.0 
" 
" 
" 
At 1400°F 
Maznetic Properties - 
Coercive 
Force, 
H C  
(oersteds) 
8.0 
6. 4 
4.9 
11.0 
11.4 
16. 3 
19.2 
18. 4 
" 
" 
Saturation 
Magnetization, 
(kilogauss) 
BS 
12.6 
12.9 
16. 4 
13. 6 
13. 6 
13. 3 
13. 3 
13. 3 
13. 3 
13. 3 
(c)  Specimen  aged 2 hours  at  1830°F in vacuum (pressure of 1 x 10-5 torr  or  less)  before  creep testing 
(d) Each  cycle of secondary  working  consisted of approximately  a 10 percent  reduction in area follOWe( 
instead of 100 hours  at 1400°F. 
by  a 10 minute  anneal  at  the  swaging  temperature. 
TABLE IV-26. - Concluded.  Short-Term Vacuum Creep  Propert ieE 
Working (14 t o  1 6  Cycles)   Obtained f o r  I n i t i a l  and 
Powder or 
Extrusion 
No. 
Nominal  Composition 
(weight  percent) 
Amount 
of 
Dispersed 
Phase 
(percent 
by volume 
I I 
c. Composite  Powders  (Extruded)(continued) 
3 
3 
3 
3 
3 
11 
Co+ll.  2Th%  (0.01-0.06p), 
Sherritt  Cordon 
Co+11.2Th% (0.01-0.06~)~ 
Chas.  Pfizer 
C0+11.2Th9  (0 .01-0.06~)~ 
Co+ll.  2ThQ  (0.01-0.06p), 
Chas. Pfizer 
Chas.  Pfizer 
Fe+23.?Co+12.  lTh@ 
(0.01-0.06r), Chas. Pfizer 
d. Comparison Alloys 
Nivco Alloy 5/8 in. dia. 
Forged  and Heat Treated 
Bar (e) 
I TD Nickel  1-1/4 in. dia. (Secondary  Worked) Bar I 
10 
10 
10 
10 
10 
10 
" 
" 
Average 
Effective 
Size of 
Dispersed 
Particles 
(microns) 
0. 1 
0. 1 
0.2 
0.2 
0.2 
0 . 3  
" 
" 
Average 
Inter- 
particle 
Spacing 
(microns 
0.9 
0.9 
1. 8 
I. a 
1. 8 
2. 7 
" 
" 
T Secondary  Work(d 
Secondar! 
Working 
Temp. 
(OF) 
None 
1500 
None 
1500 
12 50 
None 
" 
" 
Secondar 
Working 
Cycles 
(No. 1 
0 
14 
0 
14 
16 
0 
" 
" 
t) Specimens  aged 100 hours  at  1400°F  in  vacuum  (pressure of 1 x lom5 to r r  or less)  before  creep 
testing  in  vacuum  (pressure of 1 x loe6 torr or less) except for TD Nickel  and  one a s  noted. 
1) No tests made at 1400°F. Average of 1200°F and 1600°F tensile properties. Specimens aged 
100 hours in vacuum  (pressure of 1 X 10-5 to r r  or less) at the  tensile  test  temperature  before 
tensile  testing  in  vacuum  (pressure of 1 x 10-5 to r r  or less) except for TD  Nickel. 
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of Hydraulic  Extrusions With and Without Secondary 
1nterrnediat.e  Evaluation Efforts (Phases 1 and 2) 
Zumulative 
Reduction 
in Area 
(percent) 
” 
0 
75 
0 
7s 
82 
0 
” 
” 
100 Hours 
At 10,000 
psi   Stress 
0 . 2 4  
” 
0.21 
” 
” 
Failed  in 
9. 5 hrs, 
s t ra in  
4. 5% 
0.40  
0 . 0  
a- 
At 1400°F(a) 
Short  Term Vacuum 
.. Creep  Properties 
Creeu St 
.~ .. 
f 
- 
ain  in 
percent) 
At 15,000 
ps i  Stress  
~ 
Failed  in 
0. 15 hrs, 
st rain 
Failed  in 
< O .  1 hrs, 
s t ra in  
Failed  in 
0.33% 
0.22% 
7 . 5  hrs, 
0.40% 
st rain 
0. 57 
0.22 
“ 
3 
D. 0-0.1 
T At 1400°F(b) Vacuum Tensile  Pro1 
~”
Ultimate 
Tensile 
Strength 
(1000 psi) 
19.3 
27. 8 
25.3 
27. 4 
” 
27.5  
50 
32 
I ).2%0ffset (1000 psi) Yield Strength 
19.3  
24. 3 
20.2 
21.8 
” 
17. 1 
30 
27 
rties 
Elongation 
4D 
in 
(percent) 
2 . 0  
5 . 0  
5 . 5  
7. 5 
” 
21.0 
60 
12 
A t  1400°F 
Magnetic Prouerties 
Coercive 
Force, 
HC 
(oersteds) 
- 
A 
(c) Specimen aged 2 hours at 1830°F in vacuum (pressure of 1 x t o r r  or less) before creep testing 
(d) Each  cycle of secondary  working  consisted of approximately a 10 percent  reduction  in area followec 
(e) Heat treated 1725*25”F for 1 hour, water quenched,  then air aged at 1225*s0F for 50 hours. 
instead of 100 hours  at 1400°F. 
by a 10 minute  anneal at the swaging temperature. 
le. 8 
17. 3 
10.3 
11.8 
13.  8 
6.5 
5 . 5  
Non - 
Magnetic 
-. 
Saturation 
Magnetization 
(kilogauss) 
BS 
12.8 
12. a 
12.9 
12.9 
12.9 
16.2 
8. 1 
Non - 
Magnetic 
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6. F ina l   Eva lua t ion  Effor t  (Phase 3 )  
Based  on the  combina t ion  of  magnet ic ,  c reep ,  and  tens i le  
p r o p e r t i e s  o f  c o m p o s i t i o n s  o b t a i n e d  i n  t h e  i n i t i a l  a n d  i n -  
t e rmed ia t e  eva lua t ion  e f fo r t s ,  t h ree  i ron+27w/o  coba l t -base  
and three cobal t -base composi t ions were s e l e c t e d  f o r  t h e  
f i n a l   e v a l u a t i o n   e f f o r t   ( p h a s e  3 ) .  This   involved  calibra- 
t i o n  s t u d i e s  o f  t h e  effect  of  secondary working over  a range 
which included a l a r g e r  number of  cyc les  t o  improve thermal 
s t a b i l i t y ,  and proof t e s t i n g  o f  t h e  t h e r m a l  s t a b i l i t y  of t h e  
m a t r i x  g r a i n  s t r u c t u r e  so produced.  Based  on  the  informa- 
t ion developed here ,  the secondary working t reatments  were 
c h o s e n  f o r  f i n a l  a p p l i c a t i o n  t o  h o t - e x t r u d e d  r o d  o f  two 
i ron+27w/o cobal t -base and one cobal t -base composi t ion in  
o r d e r  t o  p r o v i d e  t h e  m o s t  s u i t a b l e  m a t e r i a l  f o r  c r e e p  a n d  
t e n s i l e  tests. Electron  micrographs  showing t h e  s t r u c t u r e s  
of  these composi t ions i n  t h e  secondary worked condition were 
p r e s e n t e d  i n  a n  e a r l i e r  s e c t i o n  on m i c r o s t r u c t u r e .  
a .  CALIBRATION STUDIES O F  SECONDARY WORKING 
The Rockwell C hardness measurements a t  room tempera- 
t u r e  and t h e  coercive force measurements a t  room and 
e l eva ted  t empera tu res  a re  p re sen ted  in  t ab le  I V - 2 7  f o r  
three Fe+27w/oCo-base  and t h r e e  Co-base compositions 
i n  t h e  form  of  7/8-inch  diameter  extruded  rod. The 
c a l i b r a t i o n  s t u d i e s  i n c l u d e d  t h e  a p p l i c a t i o n  o f  up t o  
36 cycles  of  secondary work a t  800°, 1000° ,  o r  1250O F 
(below t h e  r e c r y s t a l l i z a t i o n   t e m p e r a t u r e ) .  The maximum 
number o f  cyc le s  which  could  be  appl ied  before  the  rod  
cracked severely and broke up during swaging was  depen- 
dent  on t h e  composition and t h e  temperature of second- 
ary  working. The secondary  working  temperature  had t o  
be raised from 1000° t o  1250 '  F i n  o r d e r  t o  a c h i e v e  t h e  
maximum number of  cycles  with every composi t ion.  
(1) Iron+27w/o  Cobalt-Base  Alloys 
The preal loyed atomized powder composition Fe+25.6 
w/oCo+l.Ow/oB+4.2w/oZr w a s  secondary worked f i rs t  
a t  800'  F and 1000° F a s  a g u i d e  f o r  a l l  o f  t h e  Fe+ 
27w/oCo-base systems.  Only 1 4  cyc le s   cou ld   be  ap- 
p l i e d  a t  800° F before  the  rod  c racked  severe ly  and  
broke  up. The 800° F secondary  working  temperature 
w a s  abandoned i n  f u t u r e  work because of  the fol low- 
ing  reasons :  
a )   t h e  maximum number of   working  cycles  
which could be applied was t o o  low f o r  
ca l ib ra t ion  pu rposes .  
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b)  the hardening  effect  as  indicated  by 
Rockwell C hardness  at  room  temperature 
was  essentially  the  same  for  secondary 
working  at 1000" F  as at 800'  F. 
c)  the  coercive  force  values in the 1200" 
to 1600' F  range,  which  reflected  the 
level of internal  stress  retained on 
re-heating,  were  actually  higher for.the 
material  secondary  worked  16  cycles  at 
1000' F  than  for 14 cycles at 800'  F. 
d)  the  coercive  force  at  room  temperature 
before  and  after  heating to 1600' F  (ap- 
proximately 10 minutes  at  1600O  F)  showed 
a  smaller  change  (AHc of 10.2  oersteds) 
for  the  16  cycles  at 1000' F  than  for the 
14 cycles  at 800' F  (AHc of 26.7  oersteds), 
indicating  greater  thermal  stability  was 
achieved  with  the  former. 
The  Rockwell  C  hardness  values  for  the  three F +
27w/oCo-base  compositions  are  plotted  as  a  func- 
tion  of  1/N,  where  N  is  the  number  of  cycles of 
secondary  working,  in  figure  IV-36. The hardness 
of  the  prealloyed  atomized  powder  compositions 
Fe+25.6w/oCo+l.OB+4.2w/oZr and  Fe+24.8w/oCo+8.3Zr 
increased  steadily  with  the  16  secondary  working 
cycles  applied  at  1000° F. When  the  temperature 
was  necessarily  raised  to  1250" F and  28  cycles 
were  applied,  the  hardness  decreased,  indicating 
that  there  had  been  a  return  to  a  lower  level of 
work-hardening.  The  Fe+24.8w/oCo+8.3w/oZr  compo- 
sition  apparently  underwent  a  slight  increase  in 
work-hardening  at  1250"  F  from  28 to 32  cycles. 
The  Fe+24.5w/oCo+9.3w/oTh02 composition  had  lower 
hardness  than  the  others  and  did  not show  signifi- 
cant  work-hardening  beyond  4  cycles  at 1000" F. 
When  the  working  temperature  was  increased to 
1250' F, the  hardness  at  28  cycles  was  lowered. 
The  level  of  internal stress, as indicated by  co- 
ercive  force  tests  at  elevated temperatures, that 
was retained  in  the  1200O  to  1600O F range on re- 
heating  increased  with  the  number  of  cycles  of 
secondary  work  in  all  Fe+27w/oCo-base  alloys. 
This  is illustrated  in  figure  IV-37 for the  Fe+ 
24.8w/oCo+8.3w/oZr  composition. 
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TABLE IV-27. - Calibration  Study of Secondary  Working-Coercive 
se  Powders: 
Fe+24.5Co+9.3Th02 
!O. 01-0. 06p), Chas.  Pfizer 
Fe+24.5Co+9.3Th02 
:O. 01-0.06fi),  Chas.  Pfizer 
Fe+24.5Co+9.3Th02 
:0.01-0.06p), Chas.  Pfizer 
Fe+24.5Co+9.3Th02 
'0.01-0.06p),  Chas.  Pfizer 
?e+24.5Co+9.3Th02 
0.01-0.06p),  Chas.  Pfizer 
Powder o r  
Extrusion 
(weight  percent) No. 
Nominal  Composition 
Fe+27w/oCo-E!a 
Atomized  No. 
13 
13 
13 
13 
13 
13 
13 
13 
Atomized  No. 
19 
1) 19 
4 
4 19 
19 1) 
19 4 
19 
19 ? 1 
Composite  No. 
15 
15 1 
15 
15 
1 
1 15 
I 
( 
( 
- 
(a) The secondary  working  temperature  had to be increased  fro 
(6)  Also  present was 14  v/o  of large, elongated  particles  of Fe-Co-Zr constituent. 
indicated n u m k r  of cycles. 
Amount of 
Dispersed 
Phase 
(percent 
by  volumc 
20 
20 
20 
20 
20 
20 
20 
20 
7.5 
7.5 
7.5 
7.5 
7.5 
Average 
Effective 
Size  of 
Disperse1 
Particles 
(microns) 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
Average 
Inter - 
particle 
Spacing 
microns 
1 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.7 
3.7 
, 3.7 
3.7 
3.7 
L l -  Second: 
Secondary 
Working 
Temp. 
(OF) 
~- 
None 
1000 
1000 
1000 
1250b) 
800 
800 
800 
None 
1000 
1000 
1000 
1250(a) 
1250(a) 
1250(a) 
None 
1000 
1000 
1000 
1250(a) 
y Work(d) 
Secondar: 
Working 
Cycles 
(No. 1 
0 
4 
8 
16 
28 
4 
8 
14 
0 
4 
8 
16 
28 
32 
36 
0 
4 
8 
16 
28 
m 1000°F  to  1250°F  in  order  to  achieve  the 
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Force  and  Hardness of Fe+27 w/o Co-Base  and  Co-Base Alloys 
- 
umulative 
ieduction 
in  Area 
_percent) 
0 
32 
56 
82 
95 
0 
32 
56 
82 
95 
97 
98 
0 
32 
56 
82 
95 
~~. ~~~ ___ 
Hardness 
at Room 
Temperature 
(Rockwell C) 
~~ ~~~~~ 
~ ~~ 
30.5 
38.1 
40.3 
41 .7  
36.4 
38.2 
39.8 
40.5 
29.5 
38.7 
39.4 
41.5 
37.5 
38.6 
( 4  
21.2 
30.5 
31.5 
30.6 
26.7 
" ~ ~ 
A t  Room Temp. 
As 
teceived 
~~ ~ 
20.6 
32.0 
33.0 
28.5 
24.8 
45.3 
46.3 
44.0 
15.9 
46.5 
37.5 
31.1 
27.2 
25.5 
26.5 
15.5 
29.3 
25.8 
25.5 
21.0 
After 
resting at  
1600°F 
18.5 
16.5 
16.7 
18.3 
24.4 
16.5 
16.5 
17.3 
13.9 
20.4 
19.6 
21.0 
25.6 
25.8 
" 
15.1 
17.4 
18.0 
20.0 
21.3 
~ " 
At 
800°F 
14.8 
25.0 
25.0 
22.5 
17.2 
36.5 
36.5 
36.8 
11.1 
34.8 
27.9 
24.3 
18.9 
18.9 
" 
11.0 
23.7 
20.6 
19.8 
14.8 
Coercive Force. Hc I toe 
Ai 
1000°F 
12.5 
22.8 
22.3 
20.3 
14.4 
20.5 
21.5 
24.0 
9.6 
28.0 
23.7 
22.4 
16.0 
16.2 
" 
9.2 
17.8 
17.2 
17.4 
13.4 
Ai 
1200°F 
9.9 
13.7 
14.0 
15.5 
12.3 
14.5 
13.3 
12.6 
7 .1  
14.3 
13.3 
12.5 
13.3 
13.6 
" 
7.4 
10.8 
11.2 
12.1 
11.1 
At 
1250°F 
9.0 
10.5 
10.0 
12.7 
11.2 
12.1 
11.1 
11.3 
6.2 
12.6 
11.5 
11.6 
12.9 
12.8 
" 
6.9 
9.8 
10.2 
11.2 
10.5 
rstedl 
At 
400°F - 
6.7 
5.0 
4.7 
6.6 
9.0 
7.0 
4.4 
5.6 
4.5 
9.0 
8.9 
8.7 
LO. 7 
LO. 5 
" 
5.8 
7.5 
8 .2  
9.0 
8.8 
At 
,500"F 
5.4 
1 . 3  
3.5 
4.5 
7.1 
3.2 
3.2 
4.2 
2.9 
7.7 
7.4 
7.2 
9.4 
8.9 
" 
4.6 
6.2 
6.9 
7.5 
7.7 
Ai 
800°F -
4.1 
2.6 
2.8 
3.5 
5.3 
2.8 
2.6 
3.2 
1.9 
6 .5  
6 .0  
6 . 0  
6.7 
8.5 
" 
4.1  
5.5 
5.9 
6 .4  
6.3 - 
:c) NO accurate  measurements obtained because of small  diameter of core  material i n  steel-clad  rod. 
:d)  Each cycle of secondary working consist@ of approximately a 10-percent  reduction in area followed by a 
LO-minute anneal at  the swaging temperature. 
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TABLE IV-27. - Continued.  Calibration  Study of Secondary  Workin 
Sherritt Gordon 
Sherritt Gordon 
Sherritt Gordon 
Sherritt Gordon 
Sherritt Cordon 
Co+4.5Th02(0.01-0. Mp), 
C0+4.5Th02(0.01-0. M p ) ,  
C0+4.5Th02(0.01-0.06~), 
C0+4.5Th02(0.01-0. 0 6 p ) ,  
C W ~ .  4Th%(O. 01-0.06~), 
Co+E.ITh%(O.  01-0. Mr), 
Sherritt Gordon 
Sherritt Gordon 
Co+8.4Th@(O.  01-0. Mp), 
Sherritt Gordon 
Co+8.4Th02(0.01-0.06$, 
Sherritt Gordon 
C0+8.4Th02(0.01-0. MF), 
Sherritt Gordon 
Co+O. 8Bc3.2Cb 
Co+O. 8Bc3.2Cb 
Co+O. 8B+3.2Cb 
Co+O. 8B+3.2Cb 
Co+O. 8aC3.2Cb 
~ ~ ~~~~ 
Amount of 
Dispersed 
Phase 
(percent 
by volume 
4 
4 
4 
4 
4 
7.5 
7.5 
7.5 
7.5 
7.5 
20 
20 
20 
20 
20 
Averagr 
Effectivc 
Size of 
Disperse1 
Particles 
(microns 
0 .1  
0 .1  
0 .1  
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.77 
0.77 
0.77 
0.77 
0.77 
7 
Averagc 
Inter - 
particle 
Spacing 
:micron: 
2.4 
2.4 
2.4 
2.4 
2.4 
1.2 
1.2 
1.2 
1.2 
1.2 
3.1 
3.1 
3.1 
3.1 
3 .1  
ISecondz 
Secondary 
Working 
Temp. 
(OF) 
None 
1000 
1000 
1000 
1250(a) 
None 
1250(a) 
1250b) 
1250b) 
1250b) 
None 
1000 
1000 
1000 
12 50 (a) 
" " - 
Work(* 
Powder or 
Extrusion 
No. 
Nominal  Composition 
(weight percent) 
Co-Base Powders: 
Composite No. 
13 I CO+4.5Th0~(0.01-0.06~), 
13 
13 
13 
13 
Composite No. 
14 
14 
14 
14 
14 
Atomized No. 
30 
30 
30 
30 
30 
- 
(a) The secondary working temperature had to be increased  from 1000°F to 1250°F in  order to achieve t 
'(b) Also present was 14 v/o of large, elongated particles of Fe-Co-Zr  constituent. 
indicated number of cycles. 
~ - < 
~ ~~~ -~ . ~ . 
Second 
Worki 
Cycle 
(No.; 
~ 
0 
4 
8 
16 
22 
0 
4 
8 
16 
28 
0 
4 
8 
16 
22 
"_ 
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CUMULATIVE REDUCTION I N  AREA (PERCENT) 
97 82  56 32 
52 
_ .  - 
Amount of Dispersed Secondary Working 
Symbol Composition (W/O) Phase (V/O) Temperature 
~ ~~ ~. ~ "" ~~~~~~ ~ 
4 4  
36 
2 8  
7n 
A I  
l6 1 
- 1 
0 
- 1 
4 
~ -
14 1 1 
NUMBER OF CYCLES O F  SECONDARY  WORK' ii 
0 
NOTE: E a c h   c y c l e  of s e c o n d a r y   w o r k i n g   c o n s i s t e d  of a p p r o x i m a t e l y  
a 1 0 - p e r c e n t  r e d u c t i o n  i n  area f o l l o w e d  by a 1 0 - m i n u t e  
a n n e a l  a t  t h e   s w a g i n g   t e m p e r a t u r e .  
FIGURE IV-36. Effec t   o f  Number of  Cycles  of  Secondary 
Working on Hardness a t  Room Temperature 
of Fe+27w/o Co-Base Alloys 
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CUMULATIVE  REDUCTION  IN AREA (PERCENT)  
I 
I 
[ 
- 
1 -  
- 
- 
- 
1 -  
- 
) -  
0 , / A  2 - J. - 1- 36 2 8  1 6  8 4 
1 1 
NUMBER OF CYCLES OF SECONDARY WORK ' 
NOTE: Each  cycle  of secondary   working   cons is ted  of approximately 
a 10 -pe rcen t  r educ t ion  in  area followed by a 10-minute 
annea l  a t  the swaging temperature .  
FIGURE IV-37. Hardness at Room  Temperature and Coercive  Force 
at Room and  Elevated  Temperatures of Fe+24.8w/o 
C0+8.3w/o Zr  Composition  Secondary  Worked  at 
lOOOOF  for 16 Cycles  and  Remainder  at  1250OF. 
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The t h e r m a l  s t a b i l i t y  of t h e  matr ix  g r a i n  s t r u c t u r e  
was improved also by i n c r e a s i n g  t h e  number of c y c l e s  
of secondary, work, as shown by t h e  f a c t  t h a t  t h e  co- 
ercive f o r c e  v a l u e s  a t  room tempera ture  before  and  
a f te r  hea t ing  t o  1600O F were more n e a r l y  t h e  same, 
(AHc d i m i n i s h e d ) ,  f i g u r e  IV-38. 
( 2 )  Cobalt-Base  Alloys 
The  Rockwell C h a r d n e s s  v a l u e s  f o r  t h e  t h r e e  c o -  
b a l t - b a s e  c o m p o s i t i o n s  a r e  p l o t t e d  a g a i n s t  1 / N ,  
where N is t h e  number of cyc les  of  secondary  work- 
i n g ,  i n  f i g u r e  IV-39. 
The hardness of the composite powder composi t ions 
N o .  13,  Co+4.5w/oTh02, and N o .  1 4 ,  Co+8.4w/oTh02, 
s t ayed  approx ima te ly  cons t an t  o r  dec reased  ve ry  
s l i g h t l y  w i t h  up t o  1 6  cycles of secondary working 
a t  a c o n s t a n t  t e m p e r a t u r e ,  e i t h e r  1000°  o r  1250O F. 
However, when t h e  number of  cycles  was i n c r e a s e d  
beyond 1 6  t o  2 2  o r  28 there  was a s i g n i f i c a n t  d e -  
c r e a s e  i n  hardness .  The hardness  changes were due 
t o  a decrease  i n  t h e  r e l a t i v e  amount of  hexasonal  
c o b a l t   p r e s e n t   a t  room tempera ture .  A s  a r e s u l t  
of secondary working, t h e  h igh  tempera ture  cubic  
form  of c o b a l t  was s t a b i l i z e d .   A l s o ,  when t h e  
temperature  w a s  i nc reased  from 1000°  t o  1250' F 
a f t e r  1 6  c y c l e s  i n  o r d e r  t o  r e a c h  2 2  c y c l e s  w i t h  
t h e  Co+4.5w/oThO2 composi t ion,  pa ' r t  of  the hard-  
n e s s  decrease  w a s  probably due to  a n e t  r e d u c t i o n  
i n  t h e  l e v e l  of i n t e r n a l  stress. 
The hardness  of  t h e  atomized powder composition 
N o .  30, Co+0.8w/oB+3.2w/oCbf inc reased   con t inu -  
ous ly  w i t h  1 6  cycles of secondary working a t  1 0 0 0 °  F. 
However, when the  tempera ture  w a s  r a i s e d  t o  1250O F 
and a t o t a l  o f  2 2  c y c l e s  were app l i ed ,  t he  ha rdness  
r e m a i n e d   e s s e n t i a l l y   t h e  same a s  a t  1 6  cyc le s .   Th i s  
r e f l e c t e d  no n e t  g a i n  i n  work-hardening. 
The c o e r c i v e  f o r c e  v a l u e s  i n  t h e  1200O t o  1600O F 
r ange  fo r  t he  Co+4.5w/oTh02 composition and Co+ 
8.4w/oThO2 composition changed very l i t t l e  wi th  
i n c r e a s i n g  number  of cycles of secondary working 
up t o  1 6 .  Data f o r  t h e  l a t t e r  a l l o y  are p resen ted  
i n  f i g u r e  I V - 4 0 .  This  was b e l i e v e d   t o   b e   a s s o c i a t e d  
w i t h  t h e  r e l a t i v e l y  s m a l l  e f f e c t i v e  p a r t i c l e  s i z e  of 
t h e  d i s p e r s o i d  ( 0 . 1  mic ron)  and  in t e rpa r t i c l e  spac ings  
( 2 . 4  and 1 . 2  m i c r o n s )  i n  t h e  t h o r i a t e d  c o b a l t  mate- 
r i a l s .   Th i s   t ended   t o   p romote  t h e  development  of 
ce l l  or  subgra in  boundar ies  in  the  mat r ix  which  were 
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CUMULATIVE  REDUCTION I N  AREA  (PERCENT) 
- 
3 6  1 1 
N u M T E F O F  FYTTE~-. iF SECONDARY WORK Fi 
NOTE: Each cycle  of secondary  working  consisted of approximately 
a 10-percent reduction in area followed by a 10-minute 
anneal a t  t h e  swaging  temperature. 
F I G U R E  I V - 3 8 .  Coercive  Force a t  Room Temperature of Fe+24.8w/o 
Co+8.3w/oZr  Composition  Secondary Worked a t  
1000° F f o r  1 6  Cycles  and  Remainder a t  1250O F 
be fo re  and a f t e r  H e a t i n g  1 0  M i n u t e s  a t  1600O F 
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CUMULATIVE  REDUCTION I N  AREA ( P E R C E N T )  
NOTE: Each cycle of secondary  working  consisted of approximately 
a 10-percent reduction i n  area followed by a 10-minu te  
annea l  a t  the  swaging temperature. 
FIGURE I V - 3 9 .  E f f ec t   o f  Number of Cycles of Secondary 
Working on Hardness a t  Room Temperature 
of Co-Base Alloys 
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97 82  56 32 0 
1 - NUMBER O F  CYCLES O F  SECONDARY I\IORK 
28  
~ . "" "_ 
NOTE: Each cyc le  of secondary  working  consisted of approximately 
a 10-percent reduction in area followed by a 10-minute 
anneal a t  t h e  swaging  temperature. 
FIGURE IV-40. Hardness  at  Room  Temperature  and  Coercive  Force 
at Room  and  Elevated  Temperatures of C0+8.4w/o 
Tho2  Composition  Secondary  Worked  at 1250 '  F 
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anchored  by  tho r i a  pa r t i c l e s .  As a r e s u l t  of 
s e c o n d a r y  w o r k i n g ,  t h e  d i s l o c a t i o n s  t e n d e d  t o  be 
a s soc ia t ed  wi th  the  boundary  wal ls  r a t h e r  t h a n  
e x i s t i n g  as d i s l o c a t i o n  t a n g l e s  i n  t h e  m a t r i x .  
F u r t h e r m o r e ,  t h e  d i s l o c a t i o n s  r e m a i n e d  a l i g n e d  i n  
walls d u r i n g  s u b s e q u e n t  h e a t i n g  r a t h e r  t h a n  moving 
abou t  w i th in  the  subgra ins .  
Secondary working of  the thoriated cobal t  composi-  
t i o n s  f o r  2 2  o r  28 c y c l e s  a t  1250' F r educed  the  
c o e r c i v e   f o r c e   i n   t h e  1 2 0 0 '  t o  1600 '  F range.   This  
w a s  i n t e r p r e t e d  t o  mean t h a t  a r e l a t i v e l y  g r e a t e r  
p o r t i o n  o f  t h e  d i s l o c a t i o n s  p r e s e n t  were a l i g n e d  
i n  boundary wal ls ,  and there  was a n e t  r educ t ion  
i n  t h e  d i s l o c a t i o n  t a n g l e s  o r  i s o l a t e d  d i s l o c a -  
t i o n s  p r e s e n t  w i t h i n  t h e  c e l l  bod ie s .  
The atomized powder composition N o .  30, co+O.8w/o 
B+3.2w/oCb, had  coe rc ive  fo rce  va lues  in  t h e  1 2 0 0 '  
t o  1600 '  F range which were much h ighe r  a f t e r  secon- 
dary  working  than  in  the  as -ex t ruded  condi t ion ,  
secondary work cyc le  No. 0.  This   meant   tha t   the  
l e v e l  o f  i n t e r n a l  stress ( d i s l o c a t i o n  t a n g l e s )  i n  
t h e  m a t r i x  w a s  g r e a t l y  i n c r e a s e d  by secondary work- 
i n g   a n d   l a r g e l y   r e t a i n e d   a t  1200 '  t o  1 6 0 0 '  F. The 
e f f e c t i v e  p a r t i c l e  s i z e  o f  t h e  d i s p e r s o i d  ( 0 . 7 7  m i -  
c rons )  and i n t e r p a r t i c l e   s p a c i n g   ( 3 . 1   m i c r o n s )  were 
t o o  l a r g e  f o r  t h e  deve lopment  and  s tab i l iza t ion  of  
s u b g r a i n  b o u n d a r i e s  s u c h  a s  o c c u r r e d  i n  t h e  t h o r i a t e d  
coba l t   sys  t e m  . 
The t h e r m a l  s t a b i l i t y  o f  t h e  m a t r i x  g r a i n  s t r u c -  
t u r e  o f  a l l  t h r e e  c o b a l t - b a s e  a l l o y s  w a s  improved 
by i n c r e a s i n g  t h e  number of  cycles  of  secondary 
work. The coe rc ive   fo rce   measu remen t s   a t  room 
tempera ture  before  and a f t e r  h e a t i n g  t o  1 6 0 0 '  F 
were more n e a r l y   t h e  same, (AH, decreased)  . This  
i s  i l l u s t r a t e d  i n  f i g u r e  I V - 4 1  f o r  t h e  C0+8.4w/o 
Tho2 rod. The lowes t   va lues   o f   coe rc ive   fo rce   a t  
room temperature  were o b t a i n e d  w i t h  t h e  maximum 
number of working cycles. T h i s   i n d i c a t e d   t h a t   t h e  
high-temperature cubic form of cobalt  had been 
s t a b i l i z e d  and r e t a i n e d  a t  room tempera ture ,  whi le  
the  hexagonal  form of  cobal t  had  been  essent ia l ly  
e l imina ted .  
b. CALCULATIONS O F  COERCIVE FORCE FROM THEORY AND 
COMPARISON WITH MEASURED VALUES 
The most  comprehens ive  equat ions  deve lope5  for  the  cal- 
c u l a t i o n  o f  c o e r c i v e  f o r c e  are those  by Nee1 ( r e f s .  Iv- 
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FIGURE IV-41. Coercive  Force  at R o o m  Temperature of C0+8.4w/o 
Tho2 Composition  Secondary  Worked  for N Cycles 
at 1250O F Before  and  After  Heating 10 Minutes 
at 1600O F 
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6 6 ,  I V - 7 1 ,   I V - 7 2 )  who cons ide red  bo th  the  magne t i c  po le s  
a round  l a rge  inc lus ions  and  the  change  in  magne t i za t ion  
as a r e s u l t  o f  v a r i a t i o n s  i n  i n t e r n a l  stress. D i j k s t r a  
and Wert (ref. IV-62) modified some of these equa t ions  
f o r  t h e  effect  o f  p a r t i c l e  s i z e .  They showed t h a t  a 
maximum i n  t h e  c u r v e  of Hc v e r s u s  p a r t i c l e  s i z e  of  in-  
c lus ions  occur red  when p a r t i c l e  s i z e  approached domain 
w a l l  t h i ckness .   Fu r the rmore ,   t he   coe rc ive  force de- 
creased w i t h  i n c r e a s i n g  p a r t i c l e  s i z e  f o r  p a r t i c l e s  
l a r g e r  t h a n  the  domain wal l  th ickness ,  and  wi th  decreas-  
i n g  p a r t i c l e  s i z e  f o r  p a r t i c l e s  smaller t h a n  t h e  domain 
w a l l  t h i c k n e s s .  
~~ 
For purposes of t h e  e r e s e n t  d i s c u s s i o n ,  o n l y  t h e  equa- 
t ions   deve loped  by Nee1 w i l l  be cons idered .  The t h r e e  
equations and t h e  p r e v a i l i n g  c o n d i t i o n s  f o r  w h i c h  t h e y  
were developed are as fo l lows:  
6.8 Is 2 
Hc = 1.035(f)-   [1.386+1/2  In ( 3/2 l s o ) ] ,  f o r  Xsa>>K 
1 IS 
9 2TI1, 
Hc = n(f)- 
2 K I S  [ 1.386+1/2  In (;)I , f o r  Xsa<<K 
2 K  
HC 3 = - ( v ) r  TI m [ 0.386+1/2 I n  (%)I , for   inc lus ions   non-magnet ic  
Hc = c o e r c i v e  f o r c e  
f = volume f r a c t i o n  o f  t h e  m a t e r i a l  s u b j e c t  t o  a l a r g e  
d i s t u r b i n g  stress 
o = i n t e r n a l  stress 
V = volume f r a c t i o n  o f   i nc lus ions  
A s  = magne tos t r i c t ion  cons t an t  
K = c r y s t a l l i n e  a n i s o t r o p y  c o n s t a n t  
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Is = saturation  intensity  of  magnetization 
I, = mean  value of saturation  intensity  magnetization 
(for  dispersion-strengthened  materials) 
In  order  to  illustrate  the  application  of  these  equa- 
tions,  figure  IV-42  shows  the  computed  curves  of  coer- 
cive  force  versus  temperature  for  nickel  (ref.  IV-71). 
The Hc  curve  displays a maximum  which  both  decreases 
and  shifts  toward  higher  tem  eratures  with de reasing 
in  ernal  stress  (from u = 10  dynes/cm2 to 10 dynes/ 
cm’ or  from  14,500  psi  to  1,450 psi). The Hc curve 
refers  to  the  case  where  the K value  is  relatively  very 
high and,  therefore,  has  a  limited  applicability.  The 
curve,  which  considers  primarily  the  effect  of  in- 
1 
ti 
2 
Hc3 
clusions,  shows  a  steep  decrease  in  slope  with  increas- 
ing  temperature,  mainly  because  of  a  decrease  in  the 
value  of  crystalline  anisotropy (K). The  additive  ef- 
fects of internal  stress  (or  strain)  and  inclusion  con- 
tributions  to  coercive  force  are  indicated  in  figure 
IV-43, (ref.  IV-72).  In most  practical  cases,  combina- 
tions of only  two  curves  occur.  In  the  case of cobalt 
and  iron+27w/o  cobalt-base  materials,  the  contributions 
of  Hc  and  Hc  are  important,  reflecting  the  effects  of 
both  internal  stress  and  inclusions,  while  Hc  gives 
very  low  values. 2 
1  3 
The  present  investigation  included:  (a)  calculation 
of  the  coercive  force  versus  temperature  relationship 
for a  cobalt-base  and  an  iron+27w/o  cobalt-base  alloy, 
both  with  7.5v/o thoria, and a  comparison  of  calculated 
with  measured  data,  and (b) an  analysis  of  these data, 
particularly  with  respect  to  the  effect  of  processing 
conditions  on  the  structure of both  composite  materials. 
The  curves  for  both  calculated  and  measured  Hc  values 
are  shown  in  figures  IV-44  and  IV-45.  For  theoretical 
calculations  the  following  conditions  were  assumed: 
(a)  the  internal  stress (a) equaled 20 percent of the 
yield  strength,  and  (b)  the  volume  fraction  (f)  of  the 
material  subject  to  a  large  disturbing  stress  amounted 
to 0.10. Obviously  it  is  difficult to make  precise  esti- 
mates  of (J and  f.  The  values  selected  were  in  agreement 
with  what is known  about  the  stress  distributions  in 
these  materials  and  what  others  have  used  in  similar 
calculations.  The  volume  fraction (V) of inclusions 
was 0.075. Since  the  temperature  dependence of crystal- 
line  anisotropy  and  magnetostriction  of  iron+27w/o 
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cobalt material has  not  been measured,  the "power l a w "  
(ref. IV-73 and IV-74) w a s  used t o  c a l c u l a t e  v a l u e s  
f r o m  t h e   f o l l o w i n g   e q u a t i o n s  : 
10 
w h e r e   t h e   s u b s c r i p t s  (T) and (0 )  r e f e r  t o  the v a l u e s  
of  K ,  A s  and Is a t  t h e  a b s o l u t e  t e m p e r a t u r e  (T)  i n  
OKelvin  and a t  a b s o l u t e  z e r o  (0) .  
Even w i t h  t h e  b e s t  e s t i y a t e d  a n d  m e a s u r e d  v a l u e s  f o r  
t h e  p a r a m e t e r s  i n  t h e  N e e 1  e q u a t i o n s ,  t h e r e  w a s  r a t h e r  
poor  agreement  between the calculated ( H c  +HC ) and 
measured coercive force versus  temperature  curves ,  
f i g u r e s  IV-44 and IV-45. Consider ing   the  lack of  ac- 
c u r a t e  data f o r  t h e  temperature dependence of magneto- 
s t r i c t i o n  and  c rys t a l l i ne  an i so t ropy  o f  bo th  materials,  
and t h e  level o f  i n t e r n a l  stress and i ts  d i s t r i b u t i o n ,  
t h i s  w a s  n o t   s u r p r i s i n g .   A l s o ,   t h e   a l l o t r o p i c   t r a n s -  
f o r m a t i o n  i n  c o b a l t  a t  783O F complicated t h e  s t r u c t u r e ,  
1 3  
f i g u r e  IV-44. 
ties i n  t r y i n g  
and why it w a s  
proach on t h i s  
A s  can be seen 
T h e s e  r e s u l t s  i l l u s t r a t e d  t h e  d i f f i c u l -  
t o  c a l c u l a t e  c o e r c i v e  f o r c e  from theory 
n e c e s s a r y  t o  employ an experimental  ap-  
program. 
from t h e  c a l c u l a t e d  c u r v e  (Hc +Hc ) i n  
1 3  
f i g u r e  IV-44, hexagonal   cobal t   ( low-temperature   phase)  
and  cub ic  coba l t  (h igh - t empera tu re  phase )  exh ib i t ed  
d i s t i n c t l y   d i f f e r e n t   b e h a v i o r s   w i t h   t e m p e r a t u r e .  T h i s  
s epa ra t ion  o f  phases  w a s  n o t  a p p a r e n t  i n  t h e  c u r v e  r e p -  
resent ing  the  measured  da ta  because  the  Co+8.4w/oTh02 
sample i n  t h e  a s - e x t r u d e d  c o n d i t i o n  c o n t a i n e d  a sub- 
s t a n t i a l  p r o p o r t i o n  of c u b i c  c o b a l t  w h i c h  r e s u l t e d  i n  
much lower  measured  va lues  of  coerc ive  force  than  those  
c a l c u l a t e d   f o r   a l l - h e x a g o n a l   c o b a l t .  The cubic   form 
o f  c o b a l t  w a s  f u r t h e r  s t a b i l i z e d  a t  low tempera tures  
by secondary  work ing ,  r e su l t i ng  in  still lower values  
of  coerc ive  force .  
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I n  f i g u r e  IV-45, t h e  c a l c u l a t e d  (Hc +Hc ) coercive 
f o r c e  f o r  Fe+27w/oCo-base material w a s  h i g h  i n  t h e  low- 
t empera tu re  r eg ion ,  bu t  showed more s a t i s f a c t o r y  agree- 
ment wi th  tha t  measured  on  the  Fe+27w/o Co-base,  s ingle  
phase  (body  centered cubic) material than  w a s  t h e  case 
wi th  coba l t .  
1 3  
I n  t h e  present  program,  the  h igh- tempera ture  reg ion  of  
t he  coe rc ive  fo rce  ve r sus  t empera tu re  cu rve  w a s  of more 
impor tance   than   the   low- tempera ture   reg ion .   F i r s t ly ,  
i t  was t h e  r e g i o n  i n  wh ich  the  sub jec t  ma te r i a l s  wou ld  
f ind  p r imary  app l i ca t ion  and ,  s econd ly ,  t he  e f f ec t  o f  
i n t e r n a l  stress could make a r e l a t i v e l y  g r e a t e r  c o n t r i -  
b u t i o n  t o  c o e r c i v e  f o r c e  t h a n  i n  t h e  low tempera ture  
region.  The l e v e l   o f   i n t e r n a l  stress w a s  e x p e c t e d   t o  
b e  l a r g e l y  a s s o c i a t e d  w i t h  t h e  e f f e c t  of p rocess ing  
cond i t ions  on  the  ma t r ix  s t ruc tu re .  
I n  t h e  case  o f  t he  coba l t -base  ma te r i a l  i n  t he  a s -ex -  
t r u d e d  c o n d i t i o n ,  f i g u r e  I V - 4 4 ,  t h e  m a t r i x  w a s  unre- 
c r y s t a l l i z e d  and t h e  g r a i n s  t e n d e d  t o  b e  more equiaxed 
than   e longated .  Numerous d i s loca t ion   t ang le s   wou ld   be  
expected w i t h i n  t h e  g r a i n s ,  t h u s  r a i s i n g  t h e  l e v e l  o f  
i n t e r n a l  stress and c o n t r i b u t i n g  t o  a . h i g h  c o e r c i v e  
f o r c e  i n  t h e  1200 '  t o  1 6 0 0 '  F range.  On t h e   o t h e r   h a n d ,  
a f te r  secondary  working  for  28 cyc le s  a t  1250' F ,  t h e  
d i s l o c a t i o n  t a n g l e s  w i t h i n  t h e  g r a i n  b o d i e s  were g r e a t l y  
reduced, t h e  d i s l o c a t i o n s  b e i n g  m a i n l y  a l i g n e d  i n  g r a i n  
and subgrain boundaries forming a c e l l u l a r  s t r u c t u r e .  
I n  t h e  l a t t e r  c o n d i t i o n ,  t h e  measured  coercive force 
approached more c l o s e l y  t h e  c a l c u l a t e d  (Hc  +Hc ) coer-  
c ive   fo rce   w i th   t he   a s sumpt ions   u sed .  1 3  
Turning t o  t h e  Fe+27w/o Co-base m a t e r i a l  i n  f i g u r e  I V - 4 5 ,  
t h e  m a t r i x  s t r u c t u r e  i n  t h e  a s - e x t r u d e d  c o n d i t i o n  con- 
s i s t e d  o f  r e c r y s t a l l i z e d ,  e q u i a x e d  g r a i n s  w h i c h  were 
r e l a t i v e l y  f r e e  o f  i n t e r n a l  stress i n  comparison with 
the   coba l t -base   ma te r i a l  i n  t h e  same condi t ion.   There-  
f o r e ,  t h e  c o e r c i v e  f o r c e  i n  t h e  1 2 0 0 '  t o  1 6 0 0 '  F range 
was r e l a t i v e l y  low, b u t  s t i l l  above t h a t  c a l c u l a t e d  
under t h e  assumptions  used.  In  the  secondary  worked 
condi t ion,  which had t h e  f i n e r ,  e l o n g a t e d  g r a i n  s t r u c -  
t u r e  and  subs t ruc ture  wi th  a h i g h e r  d e n s i t y  o f  d i s l o -  
ca t ions  (main ly  a l igned  i n  wa l l s ) ,  t he  measu red  coe r -  
c i v e  f o r c e  was g r e a t e r  a t  a l l  tempera tures .  
c. PROOF TESTING O F  THERMAL STABILITY OF MATRIX I N  
SECONDARY WORKED CONDITION 
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Proof  t e s t ing  o f  t he  the rma l  s t ab i l i t y  o f  t he  ma t r ix  
g r a i n  s t r u c t u r e  was conducted on three Fe+27w/o Co-base 
and three Co-base compositions i n  t h e  form of rod which 
had been secondary worked for a t  l e a s t  28 cyc le s  (o r  
t h e  maximum number of cyc les  obta ined  before  t h e  rod 
broke  up).   For  comparison  purposes,  t h e  proof tests 
were also conducted on mater ia l  secondary worked for  
16 cycles .   Table  IV-28  shows t h e   r e s u l t s   o f   p r o o f  
t e s t i n g  which involved comparison of room temperature  
coe rc ive  fo rce  va lues  de t e rmined  be fo re  and  a f t e r  hea t -  
ing secondary worked rod specimens 0.25-inch diameter 
( o r  the  maximum poss ib l e  d i ame te r  i f  unde r  0.25 inch j  
by 1-inch l o n g  f o r  5 h o u r s  a t  1 4 0 0 ° ,  1500° ,  and 1600O F 
i n  a vacuum of 1x10'5 to r r .  S ince  coe rc ive  fo rce  is 
a ve ry  s t ruc tu re - sens i t i ve  p rope r ty ,  compar i son  o f  ca 
e r c i v e  f o r c e  v a l u e s  was used as a  method f o r  i n d i c a t i n g  
s t a b i l i t y .  
The proof tes t  r e s u l t s  i n  table IV-28  ind ica ted  through 
decreasing  change i n  coe rc ive  fo rce  (AHc) t ha t  t he rma l  
s t a b i l i t y  o f  t he  ma t r ix  g ra in  s t ruc tu re  was improved 
i n  secondary worked material  by inc reas ing  the  number 
of  cycles  beyond 1 6 .  For  example,  the Fe+24.8w/oCo+ 
8.3w/oZr composition had AHc values of -9.2 o e r s t e d s  
a t  1 6  cyc le s  and -1.5 o e r s t e d s  a t  3 6 - c y c l e s  i n  t h e  
proof t e s t  which involved heat ing for  5 h o u r s  a t  1400O F. 
The Co+4.5w/oTh02 composition had AH, values  of  -3.0 
o e r s t e d s  a t  1 6  cyc le s  and +0.6 o e r s t e d s  a t  2 2  cyc le s  
i n  t he  same p roof   t e s t .  (A maximum v a r i a t i o n  of ap- 
proximately +1.0 o e r s t e d s  i n  AHC va lues  i n  t a b l e  IV-28 
would be expected from systematic  errors . )  
I n  t h e  Fe+27w/o Co-base s e r i e s ,  which a re  p rone  to  under- 
:ately 1300O F ,  S t Z b i - l i t .  was- achieved i n  t h e  proof t e s t  
a t  1 4 0 0 '  F w i t h  the-~Fe+24.x/oCo+8.3w/oZr m a t e r i a l  a f t e r  
~ 5 3 6 / a n d c o + 9 . 3 w / o T h 0 2  
0' r e c r y s t a 1 1 i z a t i o n z e  approxi- 
-
9
ma 
32 
- 
-
e c r y s t a l l i z  
t e l y   
t o  36 cyci-es 
"
-  ~Fe+24 . x /o /oZr   a t  a f
a i o n  and grain growth above approxi- 
a n 5 t h e / a n d c o + 9 . 3 w / o h 0 2  
~ 
"r hand, t h e  Fe+25.6w/oCo 
+l. O W / O B + 4 . 2 w / o Z r r o d d ~ o ~ k ~ d  f o r  2 8  cyc le s  
wa.s n o t  s t a b l e  a t  1400O F ( A H p  o f   -5 .1   oers teds) .  I n  
- - " 
- 
-  "~ - 
t h e  Co-base series, the t h o r i a t e d  c o b a l t  m a t e r i a l s  w e r e  
m o r ~ s t a b l e 2 w / o C b  composition. 
Figure I V - 4 6  shows g r a p h i c Z l F i h a t  t h e r m a l  s t a b i l i t y  
was improved, AHc became sma l l e r ,  w i t h  secondary work- 
ing  beyond 1 6  c y c l e s  f o r  t h e  three Fe+27w/o  Co-base  and 
t h r e e  Co-base composi t ions proof  tes ted for  5 h o u r s  a t  
1400" F. Also,  the  Co-base series, which included a 
wide range of dispersoid parameter V/d ,  i n d i c a t e d  
t h e r m a l  s t a b i l i t y  t e n d e d  t o  i n c r e a s e  w i t h  l a r g e r  v a l u e s  
O€ V/d.  
~- 
. .  - ~- 
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TABLE IV-28.  Proof  Testing - Room Temperature  Coercive  Force of Fe+27w/o Co-Base 
and Co-Base Al loys  Before and After Heating 
T Coercive Fut-ce At Room Temperature r Change in Coercive Force From Original Value Original Coercive 
:orce As 
iecondary 
A'orked, 
H C  
oersteds) 
Amount 
Dldpersed 
Effectlve 01 
Aserase 
Size 01 
(percent Particles 
Phase Dispersed 
hy volume) (lltlcron5) 
Heating 
After 
5  Hours 
Hc (oersteds] 
at 1400"F, 
Heating 
AIter 
5 Hours 
at 1500'F, 
i c  (oersteds) 
4verage 
Inter- 
Spacing 
particle 
microns) 
3. 6 
3.6 
3.0 
3. 0 
3.0 
3. 0 
3. 7 
3. 7 
2. 4 
2.4 
1.2 
1.2 
3. 1 
3. 1 
Powder or I 
Entrusiun ' Nonllnal  Composition 
XU. ! (xelght  p rcent) 
€e-27w'oCo-Base Powders: 
Atomized No. I 
;; j Fe-Zj.bCo-I.OB-4.2Zr Fe725. 6Co-l.OB+4.2Zr 
19 I Fe+24.8Co+8.3Zr 
19 I Fe+24.8Co+8.3Zr 
19 
19 
Fe+24.8Cod8.3Zr 
Fe+24. 8Co-8. 3Zr 
:omposlte No, 
15 
15 
Fe+24.5Co+9. ~ T I I @  
Fe+24.5Co+9.3Th@ 
Co-Base Powders: 
I
28 
16 
2d 
16 
32 
36 
28 
16 
22 
16 
28 
16 
28. 3 
24.6 
29.0 
25. 6 
25. 5 
26.6 
24. 7 
23.2 
30.0 
24.0 
37.0 
28.7 
24. 1 
18. 3 
- 10.8 
- 5.1 
- 9.2 
- 2 . 2  
- 0.9 
- 1.5 
- 4. 7 
- 1 0  
- 3.0 
0. 6 
- 1.2 
0.0 
- 5. 1 - 1. 9 
-10.2 
- 0.4 
- 10.1 
- 1.6 
- 0. 7 
" 
- 5.5 
+ 0 .3  
- 0. 8 
+ 0.2  
- 1. 1 
+ 0.6  
- 3. 5 
- 0. 1 
" 
-7. 3 
" 
-4.9 
-1. 4 
-2.1 
" 
-2.9 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
-2.9 
-2. 1 
+2.0 
+l.  0 
-2. 5 
-8. 7 
-1.9 
20 
0. 90 20 
0.90 
6.4Zre") 
0 .3  6 . 4 ~ r 0 2 ( ~ )  
0 .3  6.4Zr@ 
0. 3 6. 4ZrYz1 
0. 3 
7. 5 
7. 5 
4 
4 
7. 5 
7 5  
20 
20 
0. 3 
0. 3 
! 
0. 1 
0. 1 
0. 1 
0. 1 
0.77 
0. 77 
Composite No 
13 
13 
14 
14 
Atoniized No. 
30 
30 
CO. 4 . 5 T h e  
C0-4.5Th@ 
Co-8.4Tho;! 
Co-8.4Th02 
1 1000 I 16 1250(a) 22 Co.0. 8&3.2Cb Co*O.853.2Cb 1 
(J) The se.  undary working temperature had to  be increased lrum 1000'F to 1250'F i n  order  to  achieve  the Indicated number of cycles. 
(r) Also prtsetll wa? 14 v : I  '11 large, elmgated partirles of Fe-Co-Zr constituent. 
(I , )  Alter derernlulatlon u f  coerrlve force at 1600-F. 
((I) Each wcle  01 3 c  L<%tx:y u . ~ . ~ i m c  cutlsisted of approximately a l0-percenl reduction 111 area lolluwed by a lO..nlitlute anneal at  the swaging temperature. 
I 
A AHc curve for 3 C o - b a s e  a l loys  
worked 22 to 28 cycles 
0 AHc curve f o r  3 C o - b a s e  a l loys 
0  AH^ fo r  Fe+Co  worked 28 to 36 
+12 worked 16 cycles 
u 
X 
Q 
w 
U 
p: 
0 
!h- 
- +8 
VI +4 
E% 
H B  
VCO 
p:p: 
0 0  u -  
w w  0 
i2 - 4  
w u z 
w -8  ' !3 
0 
0 
-12 
0 1 0  2 0  30 4 0  50  6 0  7 0  8 0  
VOLUME PERCENT OF  DISPERSOID 
EFFECTIVE AVERAGE PARTICLE SIZE OF DISPERSOID' 3 ' MICRONS ( ) 
FIGURE IV-46. C h a n g e  i n  C o e r c i v e  Force a t  Room T e m p e r a t u r e  of 
T h r e e  Fe+27w/o C o - B a s e  and T h r e e  C o - B a s e  A l l o y s  
Secondary Worked fo r  1 6  C y c l e s  and t h e  Maximum 
N u m b e r  of C y c l e s  B e f o r e  and A f t e r  Heating 5 Hours 
a t  1400OF i n  Proof Test 
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A meta l log raph ic  examina t ion  unde r  the  l i gh t  mic roscope  
i n d i c a t e d  n o  c h a n g e  i n  g r a i n  s t r u c t u r e  b e f o r e  a n d  a f te r  
h e a t i n g  5 hours a t  1400OF i n  t h e  p r o o f  tes t  f o r  t h e  
Fe+24.8w/oCo+8.3w/oZr and  the  Fe+24.5w/oCo+9.3w/oTh02 
compositions which received 36 and 28 cyc les  of  secon-  
dary   working ,   respec t ive ly .  The  Fe+25.6w/oCo+l.OB+4.2 
w/oZr composition secondary worked 28 cycles  underwent  
a small amount of g ra in  g rowth  in  the  p roof  test .  On 
t h e  o t h e r  h a n d ,  t h e  t h r e e  Co-base  compositions  secon- 
dary worked for 22  t o  28 c y c l e s ,  d i d  n o t  show a change 
i n  g r a i n  s t r u c t u r e  b e f o r e  and a f t e r  h e a t i n g  5 hours  a t  
1600O F i n  t h e  p r o o f  test .  Because  of   the  obvious l i m i -  
t a t i o n  on r e s o l u t i o n  w i t h  t h e  l i g h t  m i c r o s c o p e ,  t h e  
f i n e  d e t a i l s  o f  g r a i n  s t r u c t u r e  and  subgra in  s t ruc tu re  
were inves t iga t ed  wi th  an  e l ec t ron  mic roscope ,  and  these  
r e su l t s  were p r e s e n t e d  i n  a n  e a r l i e r  s e c t i o n  of t h i s  
r e p o r t  o n  m i c r o s t r u c t u r e ,  f i g u r e s  I V - 1 5 ,  IV-18,  and 
I V - 2  0. 
d. CRJ3EP AND TENSILE  PROPERTIES OF  FINAL  COMPOSITIONS 
AFTER SECONDARY WORKING 28 CYCLES 
Based  on t h e  response  to  secondary  working ,  as  de te r -  
mined d u r i n g  t h e  c a l i b r a t i o n  s t u d y ,  a n d  t h e  thermal  
s t a b i l i t y  o f  t h e  m a t r i x  g r a i n  s t r u c t u r e  a c h i e v e d  by t h e  
a p p l i c a t i o n  of 28 t o  36 c y c l e s ,  as determined by proof 
t e s t i n g ,  t h e  f o l l o w i n g  c o m p o s i t i o n s  were s e l e c t e d  f o r  
s h o r t - t e r m  c r e e p  a n d  t e n s i l e  t e s t i n g  i n  vacuum: 
1) Prealloyed  Atomized Powder No. 1 9 ,  Fe+24.8 
w/oC0+8.3w/oZr 
2 )  Composite  Powder N o .  15,  Fe+24.5w/oCo+9.3~/0 
Tho2 (0 .01-0 .06  micron  Tho2) ,   Chas.   Pf izer  
3 )  Composite Powder No. 1 4 ,  Co+8.4w/oTh02(0.01- 
0 .06  micron ThO2) , S h e r r i t t  Gordon 
The above compositions were the  mos t  t he rma l ly  s t ab le  
a f t e r  28 cycles  of  secondary  working. However, t h e  
Fe+24.8w/oCo+8.3w/oZr composition had to be worked be- 
yond 28 c y c l e s  t o  32 t o  36 i n  o r d e r  t o  a c h i e v e  t h e r m a l  
s t a b i l i t y .  The  minimum s i z e  o f   c r eep   and   t ens i l e   spec i -  
mens tha t  could  be  machined  and  tes ted  requi red  tha t  
specimens  be  taken  af ter  28 c y c l e s .  The 32 t o  36 c y c l e  
ma te r i a l  cou ld  no t  be  t e s t ed  mechan ica l ly ,  bu t  coe rc ive  
force measurements were made. 
The short-term  (100-hour maximum) c reep   p rope r t i e s   and  
t e n s i l e  propert ies  of  rod secondary worked 28 c y c l e s  
a r e  l i s t e d  i n  table I V - 2 9 .  These may be  compared wi th  
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TABLE IV-29. Short-Term  Creep  Properties  and  Tensile  Properties of Final 
Compositions  Secondary  Worked  for 2 8  Cycles 
- 
Average 
particle 
Inter- 
microns) 
Spacing 
3.0 
3.0 
3.0 
3.7 
1.2 
1.2 
1.2 
1 . 2  
1.2 
r t
I 
erties(a) 
cent) 
At 1400°F I Amount of 1 Effective Dispersed I Size of Phase  Dispersed Second; ;econdary Working 
Temp. 
('F) 
None 
1250 
1250 
1250 
None 
1250 
1250 
1250 
1250 
" 
" 
Powder or I 
lnder 10,000 psi 
At 1400'F 
Stress 
hder  15,000  psi 
Stress 
~ ~~ ~~ 
Extrusion Nominal  Composition , 
(weight perrent) ; by volume) i (microns) 
(percent ' Particles 
I 
N U .  
Fet21 w oCo-Base Powders: I I 
'riled in 17.5 
Ira, 53.2% strain 
Qiledin 2.8 hrs, 
.03.0% stnin 
" 
4tomlzed No 
19 
19 
19 
Zomposite No. 
15 
0.00 
" 
" 
0.3 
0.3 
0.3 
0.3 
0 . 1  
0.1 
0 .1  
0 .1  
0 .1  
16 
0 
28 
28 
16 
0 
16 
18 
28 
" 
" 
Fe+24.8Cot8.3Zr 
Fe+24.8Co+8.3Zr 
Fet24. 8Co+8. 3Zr 1 I '  
I .  5 
I. 5 
I. 5 
7.5 
1 . 5  
1 .5  
I 
I 
I 
I 
I 
" " 
:o-hse Powder: 
:omPosite No. 
14 
14 
Cot8.4Th02 
14 
14 
C0+8.4Th02 
Co+8.4Th02+0.25Zr 
14 
Co+8.4Th02+0.25Zr 
Cot8.4Th02+0.25Zr 
:omparison Materials: 
iivco  5 '8 111. dianl Forgedand Heat Treated Bark 
:D Nickel 1-1:'4 i n .  dianl Bar(Secondary Worked 
3 
0.0-0.1 - 
0. 40 
0.0 
(a) Specimens aged 100 hours in  vacuum (pressure of 1 x  10-5 torr or less)  at the test  temperature before creep testlng in vacuum 
(11) Specimens aaed 2 hours at 1830'F I n  vacuum (pressure of 1 x 10-5 torr or less) before creep testing in vacuum (pressure 
( r )  Interpolated values from 1200°F and 1600'F propertles. 
id) Tested at a strain rate of 0.005 I n .  I In .  nilnute from yield to fracture instead of 0.05 in. in. minute. 
(e) Also contained 14 v ,  o of coarse. elongated particles of Fe-Co-Zr constituent. 
( I )  Each cyrle of secondary workmg consisted of approximately  a 10 percent  reduction In area followed by a 10 minute 
C) Heat treated 1725*25'F for I hour, water quenched, then air aged at 1225i5'F lor 50 hours. 
(pressure of 1 x torr or less) or  tensile testing in  vacuum (pressure of 1 x 10-5 torr or less) except for TD Nlckel. 
of I s 10-6 torr or less) or tensile testlng i n  vacuum (pressure of I x 10-5 torr or less). 
anneal at the swaglng temperature. 
TABLE IV-29. Short-Term  Creep  Propert ies   and  Tensi le   Propert ies  of Final 
Compositions  Secondary Worked f o r  28 Cycles  (Continued) 
r T .opertles(a) At 1400": At 1300'F Vacuum Tensile r PI t 
Work(f) 
econdary 
Xorking 
Cycles 
(No.) - 
I Seconda 
iecondary 
Working 
Temp. 
('F) 
None 
1250 
1250 
1250 
None 
1250 
1250 
1250 
1250 
Ultimate 
Tensile 
Strength 
1000 psi) 
Offset 
0. zol, 
;trength 
Yield 
LO00 psi) 
22,1(c) 
" 
" 
" 
15. 2(c) 
" 
" 
38.5 
" 
30.0(c) 
21 
Offset 
Yield 
Strength 
:IO00 psi) 
0.2% - 
E 
" 
lagnetization, 
Saturation 
At 1400°F 
Is (kilogauss) 
Ultimate 
Tensile 
itrength 
000 psi) 
41. 
" 
" 
" 
16. l(c) 
" 
" 
3g:;b.d: 
50.0(C) 
32 
longation 
percent) 
in 4D 
66. O(c) 
" 
" 
" 
1 .   8k )  
" 
" 
" 
0.6 
60(c) 
12 
teduction 
in Area 
bercent) 
.longation 
$percent) 
in 4D 
44.0(C) 
" 
88.5 
10.2 
1. 6 ( c )  
" 
" 
" 
" 
40(c) 
13 
leductlon 
percent) 
in Area 
49.4(c) 
61.4 
" 
25.7 
O.B(C) 
" 
" 
" 
" 
58) 
27 
Powder or 
Extrusion 
No. 
Nominal Composition 
(weight percent) 
Fc+27 w: oCo-Base Powders: 
Atomlzed No. 
19 
19 
Fec24. BCo+B. 3Zr 
Fe+24.8Co+8.3Zr 
19 Fe+24.8Co+8. 3Zr I 
CompositeNo. 
15 Fe+24.5Cw9.3Th02 
Co-Base Powder: 
Composite No. 
14 I C o d .  4Th07 
15.0 
15.0 
15.0 
16.6 
13.3 
13.3 
13.3 
13.3 
13.3 
8 . 1  
qon-magnetic 
16 
0 
28 
28 
16 
0 
16 
16 
28 
" 
" 
14 
14 
Cw8. 4Th02 
14 
Cot8.4Th02+0.25Zr 
Cw8.4ThO~+O.25Zr I 
14 I C0+8.4Th0;+0.25Zr 
I 
Nivco 5,'8 in. diam Forgedand Heat Treated Bark) I - -  
I 
i 
73.0(c) i 50.0(c) 
i L 5  30 
Comparison Materials: 
TD Nickel 1-1/4 In. diam Bar(Secondary Worked) "____"_ I"." 
(a) Specimens aged 100 hours in vacuum (pressure of 1 x torr  or less at the test temperature before creep testing in vacuum (pressure of 
(b)  Specimens aged 2 hours  at 1830°F in vacuum (pressure of 1 x 10-5 torr or less)  before  creep  testing  in vacuum (pressure of 1 x 10-6 torr  or less) 
(c) Interpolated values from 1200°F and 1600°F properties. 
(d)  Tested  at a strain  rate of 0.005 in. /in. /minute  from yield to  fracture instead of 0.05 in. /in. /minute. 
(e) Also contained 14 v/o of coarse, elongated particles of Fe-Co-Zr constituent. 
(9) Heat treated 1725i25"F for 1 hour, water quenched, then air  aged at 1225i5"F for 50 hours. 
( f )  Each cycle of secondary working consisted of approximately a 10 percent  reduction in area followed by a 10 minute  anneal  at swaging temperature, 
1 x 10-6 torr or less) or tensile  testing in  vacuum (pressure of 1 x 10- 5 torr or less) except  for TD  Nickel. 
or tensile  testing in vacuum (pressure of 1 x 10-5 torr or less). 
TABLE IV-29. Short-Term Creep Properties and Tensi le  Propert ies  of F ina l  
Compositions  Secondary Worked f o r  28 Cycles (Concluded) 
i 
Povder or 
Extrusion 
I 
X'J , 
Nominal Compositlon 
(weight percent) 
FeT77 w/oCo-Dase Powders: 
4tolrllzed No. 
19 
19 
Fe+24.8Co+8.3Zr 19 
Fe+24.8Co+8.3Zr 
Fe+24.8Co+8.3Zr 
~o lnpos i t e~o .  1 
:5 Fe+24.5C0+9.3Th02 
:o-D:ise Powder: 
:mmosite No. 
14 1 Cote. 4Th02 
14 
14 Co+8.4Th02tO. 25Zr 
C0+8.4Th02+0.25Zr 14 
Co+8.4Th02+0.25Zr 
13 Cw8.4Th02 
:omparison Materials: 
qieco 5/3 in. dinm Forged and Heat Treated Bark) 
?D Nickel 1-1/4 in .  diam Bar (Secondarv Worked) 
1- 1 Vacuum Tensil 
t 
None 
1250 
1250 
1250 
Nonc 
1250 
1250 
1250 
1250 
" 
" 
15 
0 
28 
28 
1G 
0 
16 
1G 
28 
" 
" - 
9.5 
" 
" 
" 
8.4 
" 
" 
" 
31.9 
9.5 
22 
- e l  
nnl - 
E ;longation 
(percent) 
in 4D -
110.0 
" 
" 
" 
2.0  
" 
" 
" 
1.1 
124 
10 - 
teduction 
In Area 
(percent) -
99.8 
" 
" 
" 
0.7 
" 
" 
6.0 
" 
93.4 
19 - 
Magnetization, 
Saturation 
At l 6 W F  
B S  (kilogauss) 
12.5 
12.5 
12.5 
14.2 
11.6 
11.6 
11.6 
11.6 
11.6 
4.3 
Non-magnetic 
Specimens aged 100 hours in vacuum (pressure of 1 x 10-5 torr  or  less at  the  test  temperature before creep  testing  in vacuum @rersure of 
1 x 10-6 torr  or  less) o r  tenslle  testing  in vacuum (pressure oi 1 x 10- torr or less) except Cor TD Nickel. 
Specimens aged 2 hours at 1830'F in vacuum (pressure of 1 x 10-5 torr or less) before creep  testing in vacuum (pressure Of 1 X lom6 torr  or less 
or tensile  testing in vacuum (pressure of I x 10-5 torr  or less). 
Interpolated values from 1200'F and 1600'F properties. 
Tested  at a strain  rate of 0. 005 in.  /in. /minute from yield to  fracture instead of 0.05 in. /in. /mlnute. 
Also contained 14 v i 0  of coarse, elongated particles of Fe-Co-Zr constituent. 
Each cycle of secondary working consisted of approximately a 10 percent reduction i n  area followed by a 10 mlnute anneal  at rwaging temperature 
Heat treated 1725*25"F for 1 hour, water quenched, then air aged at 1225a5"F for 50 hours. 
d 
p r o p e r t i e s  of t h e  same composition i n  the  as -ex t ruded  
cond i t ion  ( 0  cyc les )   and  af ter  1 6  cyc les ,   where  avail-  
able. Al so ,   t he   p rope r t i e s   o f   p rec ip i t a t ion   ha rdened  
Nivco a l loy  and  TD Nickel  are inc luded  for  comparison. 
I n  t h e  case of t h e  two  Fe+27w/oCo-base a l loys  secondary  
worked f o r  28 c y c l e s ,  t h e  c r e e p  resistance and tensile 
p r o p e r t i e s  were l o w .  A l though   t he rma l   s t ab i l i t y   o f   t he  
m a t r i x  g r a i n  s t r u c t u r e  w a s  a c h i e v e d ,  o r  a t  least  c l o s e l y  
approached,  under  no load condi t ions,  the average i n t e r -  
p a r t i c l e  s p a c i n g  w a s  t o o  l a r g e ,  3 . 0  t o  3.7 microns,  
(V/d r a t i o  t o o  s m a l l ,  2 1  t o  25 )  t o  s t a b i l i z e  t h e  f i n e ,  
e l o n g a t e d  g r a i n  s t r u c t u r e  ( f i g u r e s  IV-15 and IV-20)  un- 
d e r  a p p l i e d  stress a n d  p r o v i d e  r e s i s t a n c e  t o  p l a s t i c  
s t r a i n .   I n   f a c t ,   t h e   d a t a   f o r   t h e  Fe+24.8w/oCo+8.3w/oZr 
composi t ion  in  the  hot -ex t ruded  condi t ion ,  where  the  gra in  
s t r u c t u r e  was coarser  and  equiaxed ,  showed t h a t  i t  was 
much more c r e e p  r e s i s t a n t  and  had h i g h e r  t e n s i l e  p r o p e r -  
t ies.  
By c o n t r a s t ,  t h e  Co+8.4w/oTh02+0.25w/oZr composition 
which  had  an  average  in te rpar t ic le  spac ing  of  1 . 2  m i -  
crons and a V/d r a t i o  of 75 d i d  h a v e  t h e  g r e a t e s t  c r e e p  
r e s i s t a n c e   a f t e r  28 c y c l e s  of secondary  work. The sta- 
b i l i t y  o f  t h e  g r a i n  s t r u c t u r e  d e v e l o p e d  by secondary 
working was h i g h . u n d e r  e x t e r n a l  stress, being enhanced 
by t h e  0 . 1  mic ron   d i spe r so id ,   f i gu re  IV-18.  The y i e l d  
s t r e n g t h s  a t  1400O and 1600O F were 2 t o  4 times t h a t  
of t h e  Co+8.4w/oTh02 (wi thout  Z r )  c o m p o s i t i o n  i n  t h e  
hot -ex t ruded  condi t lon  and  exceeded  tha t  of  Nivco  a l loy  
and TD N i c k e l  by subs tan t ia l  amounts .  
E. CONCLUSIONS AND  RECOMMENDATIONS 
1. Conclusions 
a )  The f e a s i b i l i t y  of achiev ing   sof t -magnet ic   p roper -  
t i es  i n  t h e  1200O t o  1600O F tempera ture  range  in  
c r e e p - r e s i s t a n t  d i s p e r s i o n - s t r e n g t h e n e d  c o b a l t -  
base and iron+27w/o cobalt-base materials w a s  
e s t a b l i s h e d  on small diameter extruded and secon- 
dary worked rod. 
b )  The coerc ive   force ,   which  i s  a s t r u c t u r e - s e n s i t i v e  
property and an indicator  of t he  deg ree  of mag- 
n e t i c  " s o f t n e s s " ,  w a s  s u b s t a n t i a l l y  less than  2 5  
o e r s t e d s  a t  1200'  t o  1600' F f o r  a l l  compositions 
and  worked cond i t ions   i nves t iga t ed .   Coe rc ive   fo rce  
decreased  as  t h e  a v e r a g e  e f f e c t i v e  p a r t i c l e  s i z e  
o f  t h e  d i s p e r s o i d  i n c r e a s e d  i n  t h e  r a n g e  i n v e s t i -  
ga ted  ( 0 . 1  t o   1 . 5   m i c r o n s ) .  The c o e r c i v e   f o r c e  
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i n c r e a s e d  r a t h e r  r a p i d l y  t o  a max imum value i n   t h e  
v i c i n i t y  of 0 . 1  micron i n  cobal t ,  which  w a s  be- 
l i e v e d  t o  be the approximate thickness  of t h e  mag- 
n e t i c  domain boundaries .   Coercive  force  decreased 
wi th  decreas ing  V/d ratio,  where V is t h e  volume 
percent and d is t h e  p a r t i c l e  s i z e  of d i spe r so id .  
c) The sa tura t ion   magnet iza t ion ,   which  is a s t ruc tu re -  
i n s e n s i t i v e  p r o p e r t y ,  w a s  l o w e r e d  i n  d i r e c t  p r o -  
p o r t i o n  t o  t h e  volume pe rcen t  of non-magnetic dis- 
perso id   p resent .   Sa tura t ion   magnet iza t ion   va lues  
i n  t h e  1200O t o  1600O F range w e r e  a t  l e a s t  4 3  per-  
cen t  h igher  for  a l l  i ron+27w/o  cobal t -base  compo- 
s i t i o n s  t h a n  for  Nivco  a l loy.  Even the   i ron+27 
w/o cobal t -base  composi t ion  conta in ing  2 1  volume 
percent  of  dispersoid had a sa tura t ion  magnet iza-  
t i o n  g r e a t e r  t h a n  12 .0  k i logauss  i n  t h e  1200'  t o  
1600 '  F range. I n  o r d e r  t o  m a i n t a i n  a l e v e l  o f  
1 2 . 0  k i logauss  wi th  t h e  coba l t -base  a l loys ,  how- 
eve r ,  t h e  d i spe r so id  c o n t e n t  had t o  be l i m i t e d  t o  
approximately 4v/o a t  1600O F and 1Ov/o a t  1500O F. 
d )  The t e n s i l e   p r o p e r t i e s   o f   c o b a l t - b a s e  and  iron+27 
w/o cobal t -base  a l loys  i n  the  hot -ex t ruded  or  sec- 
ondary-worked condi t ions tended to  increase w i t h  
i nc reas ing  volume pe rcen t  d i spe r so id  and  decreas- 
i n g   i n t e r p a r t i c l e   s p a c i n g .  I t  was necessary t o  
provide  an  average  in te rpar t ic le  spac ing  of  ap-  
proximately 2 microns or  less i n  o r d e r  t o  o b t a i n  
a s u b s t a n t i a l  d i s p e r s i o n - s t r e n g t h e n i n g  e f f e c t  w i t h  
or  without  secondary working.  
e )  The f ineness  and  uniformity of t h e  d i s p e r s o i d  
d i s t r i b u t i o n  i n  t h e  f i n a l  f a b r i c a t e d  p r o d u c t  were 
predominately influenced and l imited by t h e  degree 
o f  d i s p e r s i o n  i n  t h e  o r i g i n a l  c o b a l t  o r  i r o n + c o -  
bal t -base  powder .   Cluster ing  and  segregat ion  of  
d i s p e r s o i d  i n  t h e  powder had t o  be  minimized. The 
d i s p e r s o i d  d i s t r i b u t i o n  i n  t h e  hot-extruded rod 
made w i t h  e x t r u s i o n  r a t i o s  o f  11 t o  1 o r  8 t o  1 
w a s  not markedly changed or r e f i n e d  by subsequent 
secondary working. 
f )  I n  t h e  case of   the  cobal t -base  a l loys,   secondary 
working for  1 4  t o  28 c y c l e s  a t  1000°  t o  1500O F 
r e f i n e d  t h e  m a t r i x  g r a i n  s t r u c t u r e  i n t o  e l o n g a t e d  
g r a i n s  and tended t o  s t a b i l i z e  t h i s  g r a i n  s t r u c t u r e  
and t h e  c u b i c  form of  cobal t  with increasing num- 
be r  o f  cyc le s .  The rma l  s t ab i l i t y  o f  t he  ma t r ix  
g r a i n  s t r u c t u r e  a t  1400O t o  1600O F w a s  improved 
wi th  ave rage  in t e rpa r t i c l e  spac ings  of less than  
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approximately 2 microns  and large V/d ratios.  The 
Co+8.4w/oTh02 (7.5v/oTh02)  composition  with  an  in- 
t e r p a r t i c l e  s p a c i n g  o f  1 . 2  m i c r o n s ,  t h o r i a  average 
effective s ize  of  0 .1  micron ,  and  V/d o f  75 w a s  an  
example of  this .  
g )  I n   o r d e r   t o   a t t a i n  a h igh   degree  of c r e e p  resist- 
ance  in  coba l t -base  a l loys ,  t he  i n t e r p a r t i c l e  s p a c -  
ing  should  be  w e l l  under 2 m i c r o n s ,  t h e  d i s p e r s o i d  
s i z e  0 . 1  micron  or  less, and the V/d r a t i o  50 o r  
more.  Creep res i s tance   improved  by ex tend ing   t he  
number  of cyc le s  beyond 1 4  o r  1 6  t o  28 and keeping 
the secondary working temperature as low as pos- 
sible.  S a t i s f a c t o r y   c r e e p   r e s i s t a n c e  was n o t  
ach ieved  in  the  coba l t -base  sys t ems  in  the  ho t -  
ex t ruded  cond i t ion .  
h )  The Co+8. 4w/oTh02+0.  25w/oZr (7.5v/oTh02)  composi- 
t i o n  e x t r u d e d  from S h e r r i t t  Gordon composite pow- 
de r  w i t h  Z r  added  and t h e  Co+ll.2w/oThO  (lOv/o 
T h 0 2 )  composition extruded from Chas. P $ i z e r  pow- 
der which were secondary worked for 1 6  t o  28 cy- 
cles a t  1250' F had h i g h  c r e e p  r e s i s t a n c e  i n  s h o r t -  
term tes t s .  These m a t e r i a l s  showed  promise  of be- 
i n g  able t o  s u s t a i n  1 0 , 0 0 0  p s i  stress f o r  1 0 , 0 0 0  
hours  w i t h  less than 0 . 4  p e r c e n t  c r e e p  s t r a i n  a t  
a tempera ture  wi th in  t h e  1200' to  1600 '  F range. 
i) In  t h e  case of t h e  i ron+27w/o   cobal t -base   a l loys ,  
which are p rone  to  unde rgo  r ec rys t a l l i za t ion  and  
grain  growth  above  approximately  1300' F ,  thermal  
s t a b i l i t y  o f  the e l o n g a t e d  g r a i n  s t r u c t u r e  a t  
1 4 0 0 '  F (under no a p p l i e d  stress) was ach ieved  in  
secondary worked mater ia l  only af ter  t h e  app l i ca -  
t i o n  o f  a v e r y  l a r g e  number o f  cyc le s ,  28 t o  36. 
The i n t e r p a r t i c l e  s p a c i n g  i n  the i ron+27w/o cobal t -  
base material exceeded 2 mic rons ,  t he  smallest e f -  
f e c t i v e  s i z e  o f  d i s p e r s o i d  was 0.3 micron, and the 
l a r g e s t  V/d r a t i o  was only  25. As a r e s u l t ,  t h e  
m a t r i x  g r a i n  b o u n d a r i e s  i n  the  secondary worked 
cond i t ion  were not anchored by t h e  d i s p e r s o i d .  
P l a s t i c  s t r a i n  o c c u r r e d  much more r ead i ly  unde r  ap- 
p l i e d  stress t h a n  i n  c o b a l t .  
j) The i ron+27w/o  cobal t -base  a l loys were a c t u a l l y  
less c r e e p  r e s i s t a n t  i n  t h e  s e c o n d a r y  worked  con- 
d i t i o n   t h a n   i n   t h e   h o t - e x t r u d e d   c o n d i t i o n .  This  
w a s  r e l a t e d  t o  t h e  f a c t  t h a t  t h e  d i s p e r s o i d s  i n  
these m a t e r i a l s  were t o o  c o a r s e  t o  s t a b i l i z e  (un- 
de r  app l i ed  stress) t h e  f i n e r ,  e l o n g a t e d  g r a i n  
s t ruc tu re  deve loped  by secondary working from t h e  
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coarser, e q u i a x e d  g r a i n  s t r u c t u r e  i n  t h e  o r i g i n a l  
ex t rus ion .   F ine r   d i spe r so ids  i n  t h e  o r i g i n a l  pow- 
de r  t han  are ava i lab le  would  be  necessary  to  im-  
p rove  c reep  r e s i s t ance  in  i ron+27w/o  coba l t  i n  t he  
secondary worked condition, and retard r e c r y s t a l -  
l i za t ion  and  g ra in  g rowth .  
k) I n   t h e  iron+27w/o  cobalt series, t h e  hot-extruded 
prealloyed atomized powders Fe+24.8Co+8.3Zr and 
Fe+25.6Co+l.OB+4.2Zr had the  h ighes t  c r eep  resist- 
ance. 
2. Recommendations 
a )   Desp i t e   t he   ex i s t ence   o f  a t ransformation  temper-  
a t u r e  a t  1770O F and t h e  tendency towards recry-  
s t a l l i z a t i o n  and grain growth above approximately 
1300O F, i ron+27w/o  cobal t -base  dispers ion-strength-  
ened mater ia l  is favored  over  cobal t -base  for  fu-  
tu re  deve lopment  pr imar i ly  because  of  t he  25 per- 
cen t  h ighe r  va lues  o f  s a tu ra t ion  magne t i za t ion  a t  
1200'  t o  1600O F t h a t  c a n  be achieved i n  t h e  former. 
b )  An iron+27w/o  cobalt-base powder should be devel- 
oped having a f i n e r  and more u n i f o r m  d i s t r i b u t i o n  
o f  t ho r i a  pa r t i c l e s  t han  ob ta ined  on  the  p r e s e n t  
program. The powder should  contain  approximately 
3v/o thoria  and ,  a f te r  consol ida t ion ,  should  have  
an i n t e r p a r t i c l e  s p a c i n g  of 0 . 5 . -  1 . 0  micron and 
an average effect. p a r t i c l e  s i z e  of 0 . 0 1  - 0 .03  
micron. This  should   improve   thermal   s tab i l i ty ,  
r e t a r d  r e c r y s t a l l i z a t i o n  and grain growth,  and 
provide a c r e e p  r e s i s t a n t  m a t e r i a l  i n  the  second- 
ary worked condition. 
c)  The f a b r i c a t i n g   p r o c e d u r e   f o r  making  a s o l i d   r o t o r  
8 t o  28 inches diameter by 8 to  28  inches long must 
accomodate numerous cycles of secondary working. 
The p o s s i b i l i t y  of f a b r i c a t i n g  t h e  r o t o r  d i r e c t l y  
as a monol i th ic  p iece  i s  remote  because 'of  the  
need t o  work the p iece  w i t h  about 1 0  pe rcen t  re- 
duct ion per  cycle  uniformly and thoroughly through-  
o u t  t he  e n t i r e   c r o s s   s e c t i o n .   I n s t e a d ,  t he  r o t o r  
should be b u i l t  up from t r a n s v e r s e  s e c t i o n s  a s  a 
laminated  product.  Compacted and s i n t e r e d  powder 
b i l l e t s  o f  r e c t a n g u l a r  s h a p e  and approximately one 
inch thickness  should be given a minimum of 1 6  and 
p r e f e r a b l y  28 cycles   of   secondary working. Each 
cycle  would consis t  of r o l l i n g  w i t h  a maximum re- 
duct ion of  1 0  percent  per  pass  fol lowed by a stress 
28 5 
relief anneal.  Secondary  working  should  be  per- 
formed a t  t h e  lowes t  tempera ture  a t  which  the  mate- 
r i a l  can  be  ro l led  wi thout  excess ive  c racking .  The 
sheet   should  be as f l a t  as poss ib l e .  The secondary- 
worked sheet should  be  d i f fus ion  bonded toge ther  to  
form a lamina ted  ro tor  wi th  a minimum of r e l u c t a n c e  
added t o  t h e  m a g n e t i c  c i r c u i t .  
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SECTION V 
VACUUM CREEP TEST OF NIVCO ALLOY 
By M. Spewock, R. P. Shumate,  and E. H. VanAntwerp 
A. INTRODUCTION 
Long-term c reep  data are needed on high-strength rotor  materials 
s u i t a b l e   f o r  e lectr ic  a l t e r n a t o r s .  Nivco a l l o y  (23Ni-1.7Ti- 
0.4Al-0.2Zr-Balance Co) i s  p r e s e n t l y  t h e  h i g h e s t  t e m p e r a t u r e  
r o t o r  material a v a i l a b l e .   O r i g i n a l l y ,   f i v e   t h o u s a n d   h o u r  tests 
were planned a t  t e m p e r a t u r e s  t o  1150O F i n  vacuum (1x10-6 t o r r ) .  
A f t e r  a ca re fu l  ana lys i s  o f  des ign  da ta  r equ i r emen t s  it w a s  de- 
t e r m i n e d  t h a t  c r e e p  s t r a i n  d a t a  i n  1 0 , 0 0 0  hours and a t  c r e e p  
s t r a i n s  above  the  o r ig ina l  0 .20  and 0 . 4 0  pe rcen t  were needed. 
The t o t a l  c r e e p  of a s o l i d  g e n e r a t o r  r o t o r  i s  def ined  as t h e  
change i n  r o t o r  p o l e  t i p  d i a m e t e r  o v e r  t h e  o p e r a t i n g  l i f e  o f  t h e  
machine.  Creep ,   therefore ,   mus t   be   he ld   to   as  low a va lue  as 
p rac t i cab le  in  o rde r  t o  min imize  t h e  amount o f  c l e a r a n c e  t h a t  
must  be  provided  be tween the  s ta tor  bore  sea l  and  ro tor .  A de- 
s i r a b l e  d e s i g n  t a r g e t  f o r  t o t a l  i n t e g r a t e d  c r e e p  s t r a i n  i n  1 0 , 0 0 0  
hours i s  0 . 2 0  pe rcen t .   Us ing   t h i s   c r i t e r ion   fo r   example ,  a 1 0 -  
i nch  d i ame te r  ro to r  would r e q u i r e  a d d i t i o n a l  r u n n i n g  c l e a r a n c e  
of  0.020-inch. The local ized  incremental   creep  might   run  f rom 
0 . 2 0  i n c h e s  t o  as low a s  0 . 0 0 2  i n c h e s  i n  t h i s  example because of 
stress a n d  t e m p e r a t u r e  g r a d i e n t s  w h i c h  e x i s t  i n  d i f f e r e n t  a r e a s  
o f   t he   ro to r .   These   i nc remen ta l   c r eep   s t r a ins  are t h e n   i n t e -  
g r a t e d  o v e r  t h e  r o t o r  diameter t o  o b t a i n  t h e  a v e r a g e  v a l u e  o f  
0 . 2 0  p e r c e n t  c r e e p  s t r a i n  for  t h e  r o t o r .  
While the  des ign  limits f o r  t o t a l  c r e e p  s t r a i n  o v e r  t h e  r o t o r  
diameter  may be only 0 . 2 0  t o  0 . 4 0  p e r c e n t ,  t h e  l o c a l i z e d  c r e e p  
may amount t o   s e v e r a l   p e r c e n t   i n   t y p i c a l   d e s i g n s .   T h e r e f o r e ,  
c r e e p  t e s t i n g  was e x t e n d e d  t o  a s  much a s  f i v e  p e r c e n t  c r e e p  
s t r a i n  t o  p r o v i d e  s u f f i c i e n t  d e s i g n  i n f o r m a t i o n  on the Nivco a l -  
loy .  
B. EXPERIMENTAL PROCEDURES TESTING 
The lack o f  a v a i l a b i l i t y  o f  vacuum chambers f o r  c r e e p  t e s t i n g  a t  
elevated t e m p e r a t u r e s  i n  t h e  d e s i r e d  vacuum range of  a t  l eas t  
10-6 t o r r  d i c t a t e d  t h e  d e s i g n  o f  a s u i t a b l e  vacumm creep  capsule .  
The des ign ,  shown i n  f i g u r e  V-1, w a s  t h e  r e s u l t  of a Westinghouse 
sponsored program where various vacuum chamber des igns ,  pumping 
systems, and extensometers were e v a l u a t e d  t o  d e t e r m i n e  a system 
which  could  provide  meaningful  data a t  r easonab le   cos t .   I nc luded  
in  the  ex tensomete r  eva lua t ion  were measurements  us ing  opt ica l  
methods and t h e  u s e  of s t r a i n  g a g e s .  
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A series of vacuum measurements were made on  the  capsu le  conf ig -  
u r a t i o n   t o   e v a l u a t e   p r e s s u r e   l o s s e s   i n   t h e   d e s i g n .   T h e s e  in-  
c luded  both  hot  and  co ld  capsule  vacuum measurements a t  a posi-  
t i on  on  the  uppe r  end  o f  t he  capsu le  (pos i t i on  o f  h ighes t  p re s -  
s u r e )  as w e l l  as a t  a pos i t ion  ups t ream f rom the  vacuum pumps. 
Because t h e  t o t a l  c a p s u l e  is h e a t e d ,  t h e  i o n i z a t i o n  g a g e  c o u l d  
n o t  b e  l o c a t e d  a t  the  capsu le  top  end ;  t he re fo re ,  da t a  were ob- 
ta ined  by  braz ing  a 12- inch  ex tens ion  onto  the  capsule  and  lo- 
c a t i n g  t h e  i o n i z a t i o n  g a g e  a t  t h e  t o p  o f  t h i s  e x t e n s i o n  o u t s i d e  
o f  t he  ho t  zone .  Af t e r  a 48-hour  bakeout, a cold- t rapped o i l  
d i f f u s i o n  pumped capsu le  a t  860' F achieved a p r e s s u r e  o f  8 . 2 ~ 1 0 ' ~  
t o r r  a t  t he  capsu le  ex tens ion .  
A similar series of vacuum measurements were made us ing  a f o u r  
liter per   second  sput te r - ion  pump. A f t e r  2 2  hours  a t  570' F, t h e  
p r e s s u r e  a t  t h e  c a p s u l e  e x t e n s i o n  w a s  o b s e r v e d  t o  be 6 . 1 ~ 1 0 - 7  
t o r r  and a t  t h e  pumping p o r t  it was observed as 2 . 1 ~ 1 0 - 7  t o r r .  
A f t e r  23 hours and an increase i n  t empera tu re  to  1050' F ,  t h e  
p re s su re  was 5 . 5 ~ 1 0 - 7  t o r r  a t  t h e  pump por t  and  3x10-6 t o r r  a t  
t h e  t op  o f  t he  capsu le  ex tens ion .  A new s p u t t e r - i o n  pumping  sy- 
stem of twice t h e  c a p a c i t y  was procured and used i n  t h e  test  pro- 
gram. T h i s  allowed  improved vacuum c o n d i t i o n s   d u r i n g   t e s t i n g  
ove r  t ha t  obse rved  wi th  the  sma l l e r  spu t t e r - ion  pump. I n  addi- 
t i o n ,  t h e  removal  of  the capsule  extension reduced the chamber  
volume being pumped. 
During normal operation of t h e  s p u t t e r - i o n  pumping systems, one 
power supply  opera t ing  on s t anda rd  115 V ac power w a s  used 
fo r   each  pump. These power suppl ies ,   however ,  were designed so 
t h a t  e i ther  one  could power two pumps s imul taneous ly .  Conse- 
quent ly ,  an automatic  power supply switch-over  device w a s  de- 
s igned  and  successfu l ly  tested under  the  condi t ions  of  a simu- 
lated f a i l u r e  o f  o n e  power supply such that  both pumps were run 
from  the  remaining power supp ly .  In  the  even t  o f  a s e r v i c e  power 
f a i l u r e ,  a b a t t e r y  and i n v e r t e r  were wired t o  c u t  i n  i m m e d i a t e l y  
thereby   prevent ing  a p res su re  rise. Performance  of   both  safety 
devices  was v e r i f i e d  on the complete  t es t  capsule  and dummy 
s t a i n l e s s  steel specimen.  This  system was b u i l t   a n d   o p e r a t e d  
con t inuous ly  fo r  295 hour s  be fo re  be ing  t e rmina ted  to  beg in  t h e  
t e s t ing  o f  t he  Nivco  a l loy .  
The shock of rupture of a specimen i n  t h e  e a r l y  p h a s e s  o f  t h e  
test  program shat tered the ionizat ion gage and admitted a i r  i n t o  
the  system. The ionizat ion  gage  mounting was modi f ied  to  wi th-  
s t a n d  t h e  physical  shock of rupture  should another  unexpected 
f a i lu re   occu r .   Shou ld   t he   gage   f a i l ,  it i s  i s o l a t e d  from t h e  
capsule  by a vacuum valve which is  o n l y  u s e d  u n t i l  t h e  o p e r a t i n g  
p res su re  r eaches  10-5 t o r r .  I o n  pump c u r r e n t  was used   as  a meas- 
u re  o f  p re s su re  below 10-5 t o r r .  
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As p a r t  of a Westinghouse program t o  de termine  capsule  be l lows  
r e l i a b i l i t y ,  o n e  t y p e  of 304 s t a i n l e s s  steel be l lows1 was h e l d  
a t  1350O F i n  a i r  f o r  more than  4,000 hours .  Twice month ly  the  
bellows was removed  from the  furnace  and  leak  checked  us ing  a 
mass spectrometer .  The be l lows   remained   leak   t igh t .  A second 
bellows w a s  removed  from  an a c t u a l  c r e e p  test  capsu le  a t  2056 hours  
for   metal lographic   examinat ion.  An e x a m i n a t i o n  f a i l e d  t o  reveal 
a n y  d e g r e e  o f  d e t e r i o r a t i o n  i n  t h e  b e l l o w s .  N o  ev idence  of in -  
t e r g r a n u l a r  p e n e t r a t i o n  by oxygen w a s  p r e s e n t .  
C. RESULTS AND EVALUATION 
A l l  creep  specimens  ( f igure V-2) were rough machined ,  hea t  t rea ted  
and  machined t o  f i n i s h  d i m e n s i o n s .  Heat t r e a t m e n t  c o n s i s t e d  o f  
a s o l u t i o n  a n n e a l  i n  a i r  a t  1725O F fo r  one  hour ,  a water quench, 
and   ag ing   in  a i r  a t  1225O +5O F f o r  25 hours .  The specimens were 
e l e c t r o n  beam welded into capsules  and assembled into the creep 
machine. The p r e s s u r e  was r e d u c e d  i n  t h e  c a p s u l e  a n d  t h e  t e m -  
pe ra tu re  inc reased  s lowly  so t h a t  t h e  p r e s s u r e  would not exceed 
5 ~ 1 0 - ~  t o r r .  When the  pre-determined  temperature  ( l O O O o  t o  1150O F) 
was s t a b i l i z e d  and the  p re s su re  r eached  9x10-7 t o r r  t h e  s a m p l e s  
were loaded .   In  a l l  cases, t h e  p r e s s u r e  c o n t i n u e d  t o  d r o p  u n t i l  
they  reached t h e  10-9  t o r r  r a n g e .  T a b l e  V-1 shows a summary of 
d a t a  of the  spec imens  tes ted  on  th i s  program.  
The d a t a  shown i n  t h i s  r e p o r t  were taken from Nivco al loy heat  
10-N02V-1099 w i th  a g r a i n  s i z e  of ASTM 7 (approximately 4 4 0  g r a i n s ) .  
The chemical a n a l y s i s  o f  t h i s  h e a t  i s  shown below: 
Heat 10-N02V-1099 (we igh t   pe rcen t )  
N i  - 23.40 T i  - 1 . 7 5  
S i  - 0.27  C - 0 .0038  
CO - 72.40  Zr - 0 .26  
Mn - 0.26 0 - 0.0009 
A 1  - 0.39 Fe - 0.27  
T h i s  g r a i n  s i z e  and a n a l y s i s  are cons ide red  typ ica l  o f  N ivco  a l -  
loy  produced af ter  April   1965. I t  shou ld  be  no ted  tha t  hea t s  
p r o d u c e d  p r i o r  t o  t h i s  t i m e  t ended  to  have  a l a r g e r  g r a i n  s i z e  
and t h e  d a t a  r e p o r t e d  h e r e  m i g h t  n o t  b e  c h a r a c t e r i s t i c  o f  t h e  
e a r l y  h e a t s .  
S t r a in - t ime  p lo t s  fo r  t he  spec imens  are shown i n  f i g u r e s  V-3 t o  
V-9. Capsule   p ressures   a t   the   beginning   and   end   of   the  t e s t  
a re  no ted  on the  f igu res .  Ea r ly  c reep  spec imens  had  h ighe r  t han  
lpurchased from Flexonics Division of Calument and Hecla, Inc . ,  
B a r t l e t t ,   I l l i n o i s .  
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FIGURE V-2. Creep  Specimen for Encapsulat ion 
a n t i c i p a t e d  c r e e p  rates. I n  o r d e r  t o  e s t a b l i s h  a s a t i s f a c t o r y  
long term creep  rate two approaches were pursued: (1) t h e  t e m -  
p e r a t u r e  w a s  he ld  cons t an t  and  the  stress reduced,  and ( 2 )  t h e  t e m -  
p e r a t u r e  was reduced w h i l e  t h e  stress r e m a i n e d  r e l a t i v e l y  con- 
s t a n t .  Specimen N o .  1 ( f i g u r e  V-3) w a s  removed  from test e a r l y  i n  
the  program af te r  2 . 4  p e r c e n t  c r e e p  s t r a i n  w a s  a t t a i n e d .  How- 
ever, i n  o r d e r  t o  p r o c u r e  more informat ion  about  the  creep char- 
acteristics of Nivco a l l o y  i n  t h e  1100O t o  1150O F range a t  var-  
i o u s  stresses it w a s  decided t o  leave t h e  l a te r  specimens on tes t  
unt i l  approximate ly  f ive  pe rcen t  c r eep  s t r a in  had  been  r eached .  
Sa t i s fac tory  10 ,000-hour  c reep  da ta  has  been  obta ined  a t  l l O O o  F. 
These data  are shown i n  table V-1, and p l o t t e d  on f i g u r e  V-4. 
At 1150O F t h e  d e s i r e d  1 0 , 0 0 0  hours  was n o t  o b t a i n e d  w i t h i n  t h e  
f i v e  p e r c e n t  c r e e p  s t r a i n  l i m i t a t i o n .  
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TABLE V-1.  Summary of Data of Nivco Vacuum Creep Tests 
1 
1 100 
io 000 
3 021 
2.  41 
65 
275 
1 170 
1. 58 
2 060 
.5x10-4 
.8x10-9 
r -3 
" 
1099. A: 
2 
1 100 
37  500 
10 007b) 
1.19 
2 100 
3 850 
8 810 
0.84 
7 650 
1.15~10-~ 
1.0~10-9 
V - 4  
- 
" 
c 
2 
1 
- 
specimens hc 
'F for 25 hours. 
3 
1 150 
30 000 
5 006 
5.  32 
150 
460 
1 550 
1. 53 
2 520 
i. &IO-4 
!. 7 ~ 1 0 - ~  
f -5 
a t  treate 
4 
- 
" 
Temperature (OF) 
Stress (psi) 
Duration of Test  (hours) 
Total  Creep  Strain (%) 
Time  to  Cause 0.2% 
Creep  Strain  (hours) 
I 
Time  to  Cause 0.4% 
Creep  Strain  (hours) 
Time  to  Cause 1.0% 
Creep  Strain  (hours) 
Transition  Strain (8) 
Transition  Time  (time  in 
hours beginning of 3rd 
stage creep) 
Minimum Creep Rate ($43 6 
per hour) 
Pressure at Completion 4 
of Test  (torr) 
Strain  Time Plot Shown 1 
in  Figure Number 
(a) Nivco Alloy Heat 10N02V- 11 : 
water quenched then air aged at 1225" 
(b) capsules were removed from test at I 
(c) Not reached during test. 
-
1 050 
50 000 
10 073@) 
1. 75 
490 
1 600 
5 350 
( 4  
(C) 
1.52~10-~ 
Z. 3x10-9 
V -6 
lefore 
5 1 
1 150 
25 000 
6  744 
5.21 
220 
590 
2 020 
1. 73 
3 700 
1. ~ ~ 1 0 - 4  
~4x10-9 
v -7 
testing at  I 
6 
- 
_ .  " 
I 
I 
f 
I 
.725'F for one hour; 
1 000 
55 000 
7 225@) 
0.49 
1 150 
5 230 
(C) 
(C) 
( 4  
.85~10-5 
2.2~10-9 
V-8 
7 
1 150 
15 000 
3 503@) 
0.27 
2 320 
extrapo- 
lated 
6 000 
(4 
(4 
(C) 
i. 23x10-5 
i. 9x10-9 
v -9 
hours shown. Performance at time of removal was still satisfactory. 
Review of t h e  da t a  p re sen ted  shows tha t  Nivco a l loy  e x h i b i t s  a 
r a p i d  i n c r e a s e  i n  c r e e p  r a t e  a s  t h e  t empera tu re  nea r s  1100O F. 
T h i s  may be s e e n  i n  table  V-1. The 1000° F specimen  showed a 
c reep  rate of 0 . 4 8 5 ~ 1 0 ' ~  pe rcen t   pe r   hour  a t  55,000 p s i .  The 
l O 5 O 0  and 1100' F specimens, wh i l e  loaded 5000 p s i  less, had 
c r e e p  rates of 1.5~10'4 and 6 . 5 ~ 1 0 ' 4  percent  per  hour  respec-  
t i v e l y .  
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0 8 0 0  1 6 0 0  2 4 0 0  3200 4000  
TIME (HOURS) 
FIGURE V-3. Creep,  Nivco Heat 10N02V-1099,  Tes ted  in  Vacuum a t  l l O O o  F and 
5 0 , 0 0 0  p s i .  Pressure a t  Beginning of Test 9.0~10'7 torr and 
a t  End of Test 4 . 3 ~ 1 0 - ~  t o r r  (Specimen No. 1) 
1.2 
1.0 
0 
- 0 . 2  
2 0 0 0  4 0 0 0  6 0 0 0  8 0 0 0  1 0 , 0 0 0  
TIME ( H O U R S )  
FIGURE V-4 .  Creep, Nivco Heat 1 0 N 0 2 V - 1 0 9 9 ,   T e s t e d  i n  Vacuum a t  1100O F and 
3 7 , 5 0 0  p s i .  P r e s s u r e  a t  B e g i   n i n g  of T e s t   9 . 0 ~ 1 0 - 7  t o r r  and 
a t  E n d  of T e s t  1 . 0 ~ 1 0 - ~  t o r r  ( S p e c i m e n  No. 2 )  
5.6 
4 . 5  
4 . 0  
H z w 
V !x 
3 . 2  
z 
H 
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2.4 
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0 . 8  
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FIGURE V-5. Creep,  Nivco  Heat 10N02V-1099,  Tes t ed  in  Vacuum a t  1150' F and 
30 ,000 ps i .  Pressure  a t  Beginning of T e s t  9.. 0x10-7 torr and 
a t  End of Test 2.7~10-9 t o r r  (Specimen No. 3 )  
2 . 6  
2 . 4  
2.0 
h 
0 . 4  
n " 
0 2 0 0 0  4 0 0 0  6 0 0 0  8 0 0 0  1 0  , 000  
TIME (HOURS ) 
FIGURE V-6. Creep,  Nivco  Heat 10N02V-1099, Tested i n  Vacuum a t  1050O F and 
5 0 , 0 0 0  p s i .  Pressure  a t  Beginning of Test 9.0~10'7 torr and 
a t  End of Test 2 . 3 ~ 1 0 - 9  t o r r  (Specimen No. 4 )  
5 . 6  
4 . 8  
9 2.4 
v1 
0.8 
0 
0 2 0 0 0   4 0 0  6 0 0 0  8000  10,000 
TIME (HOURS) 
FIGURE V-7. Creep,  Nivco Heat 10N02V-1099,  T e s t e d  i n  Vacuum a t  1150' F and 
2 5 , 0 0 0  ps i .  Pressure  a t  Beginning of Test 9.0~10'7 torr and 
a t  End of T e s t  4 . 4 ~ 1 0 - 9  torr (Specimen No. 5)  
1. 
1. 
1. 
0. 
0. 
0. 
0. 
0 2 0 0 0  4 0 0 0  6 0 0 0  8 0 0 0  1 0  , 000 
TIME (HOURS) 
FIGURE V-8. Creep,  Nivco Heat 10N02V-1099, T e s t e d  i n  Vacuum a t  1000° F and 
5 5 , 0 0 0  psi. Pressure  a t  Beginning  of Test 9 . 0 ~ 1 0 ' ~  t o r r  and 
a t  End of Test 2 . 5 ~ 1 0 - 9  t o r r  (Specimen No.  6 )  
h, 
W 
W 
0 2 0 0 0  4000  6 0 0 0  8 0 0 0  10 ,000  
TIME (HOURS) 
FIGURE  V-9. Creep ,  Nivco Heat 10N02V-1099, T e s t e d  i n  Vacuum a t  1150' F and 
1 5 , 0 0 0   p s i .   P r e s s u r e  a t  Beg inn ing  of Test 9 . 0 ~ 1 0 - 7  t o r r  and 
a t  End of Test 5 . 9 ~ 1 0 - ~  torr (Specimen No. 7 )  
I n  a space rotor a p p l i c a t i o n  the effect of h igh  tempera ture  vac- 
uum o n  m a g n e t i c  s t a b i l i t y  as w e l l  as mechanical performance w a s  
needed, so t h e  s t r u c t u r e  s e n s i t i v e  p r o p e r t y ,  c o e r c i v e  f o r c e  w a s  
measured. T a b l e  V-2 shows these coercive force measurements 
taken  before  and  after t h e  vacuum c r e e p  tests. An average room 
tempera ture  coercive force va lue  of 9 . 2  o e r s t e d s  w a s  o b t a i n e d  
for samples before t e s t i n g .  T h i s  v a l u e  w a s  determined from 36 
determinat ions  on 9 specimens. The values   ranged  f rom a l o w  
va lue  of  8.0 t o  a h igh  va lue  of  1 0 . 4  o e r s t e d s .  The h i g h e s t  val- 
ues a f te r  tes t  were ob ta ined  on the specimens which w e r e  c r e e p  
t e s t e d  a t  1150' F, t h e  H c  i n  t he  gage  l eng th  hav ing  inc reased  by  
a f a c t o r  o f  f o u r .  The  gage  length  port ion  of   the  specimen w a s  
under  h igher  stress i n  t h e  high-vacuum area o f  t h e  c a p s u l e  w h i l e  
t he  ends  were o u t s i d e  t h i s  area ( f i g u r e  V-1)  and a t  lower stress. 
Examination  shows that  t ime-temperature and stress c o n t r i b u t e  t o  
t h e  i n c r e a s e  i n  t h e  coercive f o r c e  a f te r  exposure.  The d a t a  
s u g g e s t  t h a t  t h e  p e a k  o f  t h e  c o e r c i v e  f o r c e  a g i n g  c u r v e  h a d  b e e n  
approached  in  the  1150O F test  and t h a t  a change i n  t h e  material 's 
pe rmeab i l i t y   had   r e su l t ed .  The 1050O and l l O O o  F tests had   no t  
brought about as s e v e r e  a change ,  bu t  t he  coe rc ive  fo rce  w i l l  con- 
t i n u e  t o  i n c r e a s e  a t  these tempera tures  if a d d i t i o n a l  t i m e  i s  
accumula t ed .   These   da t a   i nd ica t e   t ha t   any   s tudy   o f   t he   ag ing  
k i n e t i c s  o f  a magne t i c  ro to r  a l loy  mus t  cons ide r  i t s  s t r e s s e d  
cond i t ion  as w e l l  as t h e  vacuum and temperature  environments .  
Ana lyses  o f  i n t e r s t i t i a l  con ten t  o f  N ivco  a l loy  c reep  spec imens  
were performed before and a f t e r  c r e e p  t e s t i n g  i n  t h e  vacuum 
c r e e p   c a p s u l e s   ( f i g u r e  V - 1 ) .  The r e s u l t s  of t h e  a n a l y s e s   ( t a b l e  
V-3) show t h a t  t h e r e  w a s  no  inc rease  i n  oxygen o r  n i t r o g e n  af- 
t e r  t e s t i n g  a t  1150O F for 5000 h o u r s  o r  a t  1 0 5 0 °  F for  10 ,073  
hours.   There w a s  a n  i n c r e a s e  i n  c a r b o n  c o n t e n t  i n  b o t h  cases; 
a l though  the  abso lu te  va lue  a f te r  test  remained  qui te  low--100ppm 
and 75ppm under  the  two t e s t  c o n d i t i o n s .  The most   l ike ly   Source  
~- .~ 
TABLE V-2. Coerc ive  Force  in  Oers teds  of  Nivco  Al loy  A f t e r  
Creep Tests Shown i n  T a b l e  V-1 (Room Temperature) 
1 ~ - -  2 ~ -~ 3 6 7 
End Section 14 18 24 13 25  Not measured 
I 
Gage Section 27 30 49 
(a) Nivco Alloy Heat 
water  quenched  then air aged at 1225°F for 25 hours. 
(b) The average  coercive  force of 9 specimens  before  test was 9.2  oersteds with a low value of 8 .0  and 
30 0 
TABLE V-3. I n t e r s t i t i a l  A n a l y s i s  of Nivco Alloy  Creep 
Specimens Before and A f t e r  Vacuum 
Creep Tests 
Element 
" - 
Carbon 
Oxygen 
Nitrogel 
~"  
Specimen 3 Specimen 2 Specimen 4 
" - 
Content (ppm) C o n t e n t  (ppm) Content (ppm) 
Af ter  T e s t  of 
a t  1050OF i n  a t  llOOOF i n  
10,073 Hours 10,007 Hours 
A f t e r  T e s t  of 
5006  Hours a t  
1150°F i n  
Before T e s t  Vacuum Before T e s t  Vacuum vacuum Before T e s t  
41 75 44 85 40 100 
10 8 9 12 9 8 
6 5 5 6 5 6 
1 
of  the carbon was back-d i f fus ion  f rom the  l i qu id  n i t rogen  t r apped  
o i l  d i f f u s i o n  pump which w a s  used t o  rough-down the  sys t em be fo re  
s t a r t i n g  t h e  i o n  pump. The  low l e v e l  o f  i n t e r s t i t i a l  p i c k - u p  
during the 10,000-hour  test  c o n f i r m s  t h e  s u i t a b i l i t y  of t h e  vac- 
uum c reep  capsu le  fo r  c r eep  tests a t  l o w  p re s su re .  
Spark source mass spec t rog raph ic  ana lyses  were performed on spe- 
cimens Nos. 2 and 4 befo re  test and af ter  10,000-hour creep tests 
to  de t e rmine  poss ib l e  va r i ance  o f  chemis t ry  from t h e  c e n t e r  t o  
the  edge  o f  t he  spec imen  c ross - sec t ion  ( t ab le  V - 4 ) .  
Only z i rconium chemis t ry  appeared  to  vary  f rom the  center  of  the  
spec imen  c ross - sec t ion  to  the  edge ,  bu t  t h i s  va r i ance  a l so  ap- 
p e a r e d  i n  t h e  b e f o r e - t e s t  c o n d i t i o n .  
No conclus ive  ev idence  of  change  in  in te rna l  chemica l  composi t ion  
c o u l d  b e  a t t r i b u t e d  t o  l o n g - t e r m  c r e e p  t e s t i n g .  
Metal lographic  examinat ion of the Nivco long-term creep speci-  
mens by l ight  microscopy revealed an approximate ASTM 7 equiva- 
l e n t  g r a i n  s i z e  b e f o r e  t e s t i n g .  The g r a i n  s i z e  w a s  j u s t  s l i g h t l y  
l a r g e r  a f t e r  1 0 , 0 0 0  hours   creep test. F igure  V-10 shows t y p i c a l  
micrographs of Nivco creep specimens before and a f t e r  c reep  tests. 
A r a the r  un i fo rm ne twork  o f  d i scon t inuous  ( ce l lu l a r )  p rec ip i t a t e  
had formed a t  the  gra in  boundar ies  dur ing  the  10 ,000-hour  c reep  
tes t .  
To a i d  t h e  d e s i g n  e n g i n e e r  i n  p r e d i c t i n g  c r e e p  p e r f o r m a n c e  o f  
Nivco a l l o y  a t  var ious  tempera tures  the  c reep  da ta  have  been  re- 
duced to  Larson-Mil le r  Parameters and p l o t t e d  on f i g u r e  V-11. 
3 0-1 
TABLE V-4. Chemical. A n a l y s i s ( a ) o f  Nivco Al loy  H e a t  
No, 10N02V-1099 Before and A f t e r  
Element(b) 
(Atomic %) - 
Ni 
Ti 
Mn 
Zr 
Fe 
c u  
Si 
AI 
C r  
V 
~~ - 
Vacuum Creep Tests 
- .~ 
Composition  (atomic percent)(') 
Saecimen 2 
B'ef o 
Center 
23 
1.7 
0.3 
0. 16 
0.04 
0.00 1 
0.2 
0. 3 
0.003 
0.001 
Test 
Edge 
23 
1.7 
0.3 
1. 17-0. 5 
0.04 
0.00 1 
0.2 
0. 3 
0.003 
0.001 
Specimen 2 
after 10,007 Hours 
Test at 1100°F and 
37,500 
Center 
23 
1.7 
0. 3 
0. 25 
0.04 
0.001 
0.2 
0. 3 
0.003 
0.001 
si stress 
Edge 
23 
1. 7 
0. 3 
). 2-0.5 
0.04 
0.001 
0.2 
0.3 
0.003 
0.001 
T Specimen 4 Before Test 
Center I Edge 
""
23  23 
1. 7 
0.3  0.3 
1. 7 
0.2-0.5  0.25 
0.04 
0. 3 0. 3 
0.2  0.2 
0.001  0.001 
0.04 
0.00 1 0.001 
0.003 0.003 
"~ ". ". 
Specimen 4 
after 10,073 Hours 
Test at 1050°F and 
- 
~ ~~ 50LOOO 
Center 
23 
1.7-3 
0.3 
0.16-0.5 
0.04 
0.001 
0.2 
0. 3 
0.003 
0.001 
_ _ _ ~ -  si stress 
Edge 
23 
3 
0. 3 
I. 2-1.6 
0.04 
~.001-0.01 
0.2 
0.3 
0.003 
0.001 
(a) Analysis performed using a Spark source mass spectrograph. 
(b) With reference to nickel content of 23 atomic percent, when two values are shown, it indicates 
a variation  in  replicate  determinations. This in turn  ref lects  a variation  distribution of a 
zirconium-rich  phase or precipitate.  Variation  in  titanium  was  shown  in  one case. 
Two c r e e p  tests d id  no t  r each  1 0 , 0 0 0  hours  by the  end  o f  t he  p ro -  
gram. One o f  t hese ,  a t  1150' F,  w a s  p u t  on tes t  a t  a stress 
level (15,000 psi)  low enough t o  a v o i d  o r  j u s t  a p p r o a c h  t h i r d  
s t a g e  c r e e p  i n  1 0 , 0 0 0  hours .   This  was  done t o  b e t t e r  d e f i n e  t h e  
s lope   o f   t he   La r son-Mi l l e r   cu rve   ( f igu re  V-11) .  The o t h e r  w a s  
t h e  1000'  F,  55,000 psi specimen which w a s  be ing  run  fo r  
r e p l i c a t i o n .  
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FIGURE V-10. Photomicrographs of Nivco Alloy Before and After 
10,000-hour  Creep Test. 500X 
Etchant:  20 ml H c l ,  4 0  m l  H N 0 3 ,  60  m l  g l y c e r i n e  
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FIGURE V-11. Larson-Miller  Plot of Nivco Alloy B a r  in V a c u u m  
torr) B a s e d  on  10,000-Hour  Test D a t a  
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D . CONCLUSIONS 
1) Ten-thousand  hour vacuum c r e e p   d a t a  w e r e  provided on 
Nivco alloy, which i s  a commercial ly  avai lable  high-  
tempera ture  magnet ic  a l loy .  
2 )  A t  stresses above 37,500 p s i ,  Nivco a l l o y   e x h i b i t s  a 
r a p i d  i n c r e a s e  i n  c r e e p  rate a t  t empera tures  above  
l l O O o  F. 
3)  The vacuum'creep  capsule  provides a good economical 
method of c r e e p  t e s t i n g  for pressure requirements  as 
l o w  a s  1x10'9 t o r r  and a t  t empera tu res  to  1200O F, 
w i t h  very little i n c r e a s e  i n  oxygen and nitrogen con- 
t e n t  i n  t h e  c reep  specimen. 
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APPENDIX 
PROCUREMENT INFORMATION 
FOR 
NIVCO COBALT  ALLOY BAR 
D e c e m b e r  26 ,  1967 
Prepared For 
THE  NATIONAL  AERONAUTICS AND SPACE  ADMINISTRATION 
C o n t r a c t   N A S 3 - 6 4 6 5  
M a t e r i a l s  D e v e l o p m e n t  Sec t ion  
Systems R e s e a r c h  and D e v e l o p m e n t  D e p a r t m e n t  
A e r o s p a c e  E lec t r ica l  D i v i s i o n  
Westinghouse Electric C o r p o r a t i o n  
L i m a ,   O h i o  45802 
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Procurement Information for Nivco Cobalt Alloy Bar 
1. T h i s  s p e c i f i c a t i o n  c o v e r s  vacuum melted IINivco" c o b a l t  
a l l o y   b a r .  
2. PROCESS: The a l l o y   s h a l l  be vacuum melted. 
3 .  CONDITION: T h e " b a r s   s h a l l  be ho t   ro l l ed ,   so lu t ion   and   p re -  
c i p i t a t i o n  t r e a t e d .  
4. HEAT TREATMENT: The b a r s  s h a l l  be s o l u t i o n   t r e a t e d   b y  
hea t ing  t o  927O - 954OC (1700O - 1750°F) ,  ho ld ing  a t  t emper-  
a t u r e  for one  hour  and  quenching i n  w a t e r .  M a t e r i a l  s h a l l  
then be p r e c i g i t a t i o n  t r e a t e d  b y  h e a t i n g  t o  649O - 677OC 
(1200' - 1250 F ) ,  h o l d i n g  a t  t e m p e r a t u r e  f o r  50 hours and 
c o o l i n g  i n  a i r .  
5. QUALITY: The b a r s   s h a l l   b e " u n i f o r m   i n   q u a l i t y   a n d   c o n d i t i o n ,  
c lean ,  sound,  and  f ree  f rom fore ign  mater ia l s  and  f rom in-  
t e r n a l  and  ex te rna l  de fec t s  de t r imen ta l  t c  f a b r i c a t i o n  o r  
performance of  par ts .  
6. CHEMICAL COMPOSITION: The b a r s   s h a l l   c o n f o r m   t o   t h e   f o l l o w -  
ing requirements  a s  to  chemical  composi t ion:  
Carbon, Max 
Manganese 
S i l i c o n ,  Max 
Phosphorus, Max 
S u l f u r ,  Max 
Nickel 
Titanium 
Zirconium 
Aluminum 
I r o n ,  Max 
Cobalt  
0.05 Percent 
0.20 - 0.50 
0.25 
0.01 
0.02 
22.50 - 24.00 
1.60 - 1.80 
0,15 - 0.30 
0.15 - 0.45 
0.30 
Remainder 
II 
II 
I I  
II 
II 
II 
II 
II 
II 
Check Analysis  
Under Min Over Max - 0.005 
0.03 - 
- - 
0.20 
0.05 
0.05 
0.03 
0.03 
0.02 
0.002 
0.003 
0.20 
0.05 
0.05 
0.03 
0.05 - 
7. CHECK ANALYSIS:  (7 .1)  Check ana lyses  may be made by t h e  
purchaser on f i n i s h e d  m a t e r i a l  r e p r e s e n t i n g  e a c h  l o t ,  u s i n g  
an  ana ly t ica l  p rocedure  as  agreed  upon by the purchaser  and 
the manufacturer .  
(7 .2 )  The chemical   composi t ion  thus  determined  shal l   conform 
t o  the r equ i r emen t s  spec i f i ed  in  Sec t ion  6. 
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8. MECHANICAL PROPERTIES: (8.1) The b a r s   s h a l l   c o n f o r m  t o  t h e  
fol lowing requirements  for m e c h a n i c a l  p r o p e r t i e s  a t  room 
temperature  : 
T e n s i l e  S t r e n g t h ,  P s i ,  Min 
Yie ld   S t r eng th ,  P s i ,  Min 
E l o n g a t i o n  i n  4D, Percent ,  Min 
Reduct ion of  Area,  Percent ,  Min 
*Brinel l  Hardness ,  Min 
* O r  equ iva len t  R c  
150,000 
95,000 
20 
22 
255 
(8 .2)  The mechan ica l  p rope r t i e s  sha l l  be de te rmined  in  ac -  
cordance with ASTM A-370 u s i n g  t h e  0.2 p e r c e n t  o f f s e t  method 
when de te rmin ing  y i e ld  s t r eng th .  
9. STRESS RUPTURE STRENGTH: A combinat ion  plain  and  notched 
stress r u p t u r e  t es t  specimen as  shown i n  F i g u r e  1, maintained 
c o n t i n u o u s l y  a t  621OC f 2OC (1150°F f 3'F) w h i l e  a n  a x i a l  
load of 55,000 pounds  per  square  inch  or  grea te r  i s  a p p l i e d  
c o n t i n u o u s l y ,  s h a l l  n o t  r u p t u r e  i n  less than  100 hours.  The 
t e s t  s h a l l  be con t inued  un t i l  rup tu re  occur s  and  the  p l a in  
b a r  e l o n g a t i o n  a f t e r  r u p t u r e  s h a l l  n o t  be less than  5 per-  
c e n t  when measured a t  room t e m p e r a t u r e .  I f  t h e  t e s t  p i e c e  
f a i l s  i n  t h e  n o t c h  s e c t i o n  d u r i n g  a n y  p a r t  o f  t h e  tes t ,  or 
i n  t h e  smooth s e c t i o n  i n  less than  100 h o u r s ,  t h e  l o t  o r  
b a r s  r e p r e s e n t e d  b y  t h e  t es t  p i e c e  i s  no t  accep tab le .  
10. GRAIN S I Z E :  (10.1) The b a r s   s h a l l   h a v e   a n   a v e r a g e   g r a i n   s i z e  
of ASTM No. 6 o r  f i n e r .  
(10.2) The g r a i n   s i z e   s h a l l  be d e t e r m i n e d  a f t e r  s o l u t i o n  
t r e a t m e n t  a t  a magni f ica t ion  of 100 X u s i n g  e i t h e r  Method A 
o r  Method B of ASTM E-112 a s  fo l lows:  
Method A :  Count the number of g r a i n s  i n  1 squa re  inch  a t  
100 X and   so lve   fo r  n using t h e  f o l l o w i n g  
formula: Number of g r a i n   p e r  square  inch  = 2n-1 
where : n = ASTM g r a i n   s i z e  number. 
Method B: Count t h e  number o f  g r a i n s  i n t e r c e p t e d  b y  a 5- 
i n c h  l i n e  a t  100 X and   so lve   fo r  n us ing   t he  
following  formula : 
n = 3.9 p lus  6.64 log  (y-1) 
where : n = ASTM g r a i n   s i z e  number 
y = Number of g r a i n s  i n t e r c e p t e d  b y  a 5-inch 
l i n e   a t  100 X 
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(10 .3)  Heat  t rea ted  bars  sha l l  no t  conta in  more than  5 per- 
c e n t ,  by number,  of a b n o r m l l y  l a r g e  g r a i n s ,  i.e., g r a i n s  
more than two ASTM numbers c o a r s e r  t h a n  the ave rage ,  a s  
determined by microscopic examination of a t y p i c a l  a r e a .  
11. REJECTIONS: Mater ia l s   no t   conforming   to  this s p e c i f i c a t i o n  
o r  t o  a u t h o r i z e d  m o d i f i c a t i o n s  w i l l  be s u b j e c t  t o  r e j e c t i o n .  
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Enlarged view of 
Radius 
Center  Gage 
Diameter 
G ,  Inch - C D E F H RR - - - - 
0.357 1/8 1.5  3/8 0.357  0.500 0.010 
0.505 1/8 2.0 3/8 0.505  0.750 0.015 
Tolerance +1/32 -- +1/32 +0.001 +0.003 +0.005 - +o.  0 0 1  -0 -0 
NOTES : 
1. Sur face  marked ,?/finish t o  8 m i c r o i n c h e s   o r   b e t t e r .  
2. The d i f fe rence   be tween  d imens ions  "F" and "G" s h a l l   n o t   e x c e e d  
0 .001  inch.  
ends of the  gage  l eng th  exceeds  d i ame te r  d i ame te r  "G" a t   t h e  
c e n t e r  o f  t h e  g a g e  l e n g t h  by n o t  less t h a n  0.0005 n o r  more 
than  0.0015  inch. 
within  0 .001  inch.  
3.   Taper  gage  length "D" t o  c e n t e r  so t h a t   d i a m e t e r  "GI' a t  the 
4 .  All s e c t i o n s   s h a l l  be   concen t r i c   abou t   he   spec imen  axis  
5. Thread s i z e  "TI' s h a l l   b e   e q u a l   t o   o r   g r e a t e r   t h a n  "H". 
6. Dimensions "A" and 8'B'1 a r e   n o t   s p e c i f i e d .  
F I G U R E  A-1. Combination  Smooth-Notch  Stress  Rupture  Test 
Specimen 
NASA-Langley, 1970 - 17 322 E-51\33 
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